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T h i s  paper presents information obtained regarding par t ic le  s i z e  and part ic le-  
s ize  d i s t r 5 b u t i m  of the  i n o r g a e c  cors t i tuents  of Creen River o i l  shale. cil shale, 
a st ratsgraphic  rock camposed of a c a p l e x  mixture of o r g s i c  and inorganic constitu- 
erits i n  variable proportions, is one of our mjor potent ia l  sources of l iqu id  fuels. 
pyrolysis is the basic pr inciple  conmon t o  the inany e x p e r k n t a l  methods devised f o r  
converting tk organic n a t t e r  t o  l iqu id  prodkts .  re tor t ing  systems have been 
dewlcped, sme t o  commercial o r  semicomercia1 scale (h,lO,l.l). The s imi la r i ty  in 
percentage o f  organic matter converted t o  o i l  i n  such widely d i f fe r ing  processes as 
a b2tch ari.alyL;lcal'nethd (U) and VZ~~OLIS large p i l o t  plants  operated a t  retorting 
temperatures of 8500 t o  950° F., i rd ica tes  that the maximum conversicn obtainable of 
organic matter t o  l i q u i d  products is of the order o f  66 percent, regardless of the 
method of applying tbe9mdl erm-w. 
percent gas and 25 percent coke which renains on the  shale residue. The published 
data f u r t t e r  indicate that the crude oils produced are  of poor qua l i ty  (1,8,12). A 
d e f i z i t e  explanation of t b s e  phenomena are  not h a m .  
of the molecular s t ructure  of the organic r a t t e r ,  tbe nature of tk organic-inorganic 
asscciat ion,  the preferred react ion mechanism in a them1 system, or a canbination 
of these factors .  

T h e  other products foroed are approximately 9 

Probably they are  a function 

As only 66 percent of the organic matter is converted to l i q u i d  products and the 
result&- oils are  of poor qual i ty ,  it would be highly &sirable  t o  develop processes 
that would improve both  y i e l d  and qual i ty  of o i l ,  thereby enhancing the e c o n w  of 
oil SU. 
of oil. shale may improve ex is t ing  methods or may disclose leads f o r  d e v i s i n g  new and 
be t te r  processes f o r  converting the organic matter t o  l iqu id  products. i n  tk l i c h t  
of t h i s ,  par t  of the research in oil shale is directed t o  gain a better ins ignt  i n t o  
its physicocbmnical s t ructure .  

Ccnnprehensive understanding of the fundanental properties and s t ructure  

T h i s  is the f i r s t  of a series of papers. F'undarmtal properties of ofi sh& 
curren t ly  under invest igat ion are:  Par t ic le  s i z e  m-d par t ic le-s ize  d is t r ibu t ion  of 
the primary inorganic par t ic les ;  pore s t ructure  of the inorganic constituents; surface 
area of the r?.w o i l  shale and the  inoTganic const i tuents ;  pore size, pore-size dis- 
t r ibu t ion ,  and permeabWty of the inorganic matrix devoid of organic matter; and type 
of bonding between the crganic a rd  inorganic constituents. 
nature regardk-g o i l  shale is virtually nonexistent. 

Information of t b ?  

Experinental 

Oil shales that d i f fe red  widely in o i l  y ie ld  (75 acd 28.6 gallons per ton)  were 
selected for t h i s  investigation. 
of beds EF and B, respectively, of tk Selective mine, Rifle, Colo. (u). 
samples, approximately 200 pounds each, were crushed t o  pass a P-rmsh-per-inch screen. 

Samples were taken a t  random from 1-foot-sections 
The 2 
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Representative samples were taken and prepared as needed from each of the crushed 
s;!ples. 

Preliminnary Consideratioris and Tests 

Pwt icu la te  n a t c r i a l s  usually respond favorably t o  par t ic le-s ize  measurements, 
b3t t h i s  i s  not  the case v i t h  the p r i T m  inorganic p a r t i c l e s  that i o n  par t  o l  the 
M g N j  consolidated orgacic-inorganic system t h a t  e x i s t s  in c i l  shale. 
" p r l r x j  inorganic prJ.tidLesJ is & s i % a t e d  t o  man tihe individual inorganic crystals. 
These c rys t a l s  a r e  either pa r t ly  o r  e n t i r e l y  encased by orgaxic matter and in m y  
instances are bound together, in varying degrees, with inorganic cerentb-g agents. 
The extent  of t;2e inorganic cementation is  a function of 'ths orgacic content. 
prnct.ica1 or e f fec t ive  methd  is  h m n  where'by par t ic le-s ize  analyses of the  pr-7 in- 
organic par t ic les  can Se nade as they natural ly  occur in oLt s l ide.  
c.we necessary to isola+s t.he inorganic constituents. 
solvent act ion would have been ideel ,  as then the inorganic constitEents recovered 
would have r e t a k d  e s s e n t i a l l y  t h e i r  initial cbaracter is t ics .  iio?rever, no s ingle  
solvent or  corkhat ion  of solvents vas found tikt ef fec t ive ly  separated the orzanic 
na t t e r .  
patter was removed by t h e m a l  treatirent. 

T h  tern 

No 

It therefore be- 
3emoval of tlie organic matter by 

Since solvent actior.  did not acccmplish tL% desired separation, the o7gani.c 

It tias e s s e n t i a l  f o r  c o q a r a t i v e  purposes t i a t  ti: organic rtatter ke removed from 
the incrzanic pliase under a c o r i i s t e n t  set of cocditions f o r  a l l  of t1-e studies  u t a -  
iz i i , r  orgznic-free m j x e r a l  constituents. In  some s tudies  t:he organic-free mineral 
constituents liere prepared fron m y  pieces of o i l  s i d e  to form a s ingle  smple ,  
vihereis c ther  s tudies  required that organic-free mineral const i tuents  be prepared frm 
individual pieces of o i l  s t d e  i n  t& f o x  of cores 1-1/2 iizches loA% and 1/2 inch ii? 
d i z c t e r .  The conditions s e l e c k d  for removiqg the  orgmic  matter, base.' or, a series 
of prelL%-u.r; t e s t s ,  were those found t h a t  removed th crgsnic Gt te r  frorn o-il-shale 
cores Kith ninninwn physical and chemical c h a q e s  t o  tne mineral constituents. 

i+eparation of Organic-'ree I.I-ineral Cocstituents 

1 presents a schematic diagrm. of t he  s teps  taken t o  prepare %:he organic- 
free nkneral cocst i tuents .  ' h o  composites consis t ing of 200 t c  360 pieces of o i l  shale 
raz.:iEz i n  s i ze  fron 0.25 t o  0.375 inch were selected from (1-3) t o  represent ti2 
75-gKUon-par-ton o i l  shale. Ti= individual fragnents were la rge  enough s o  tiat an7 
size  reduction sustained by tine p r i m r y  inorganic p a r t i c l e s  exposed a t  tiE surfaces 02 
t h e  iidi-idual fragnents duirinE crushing of the o i l  s h d e  xere considered negligible. 
The cor.posite sa..ples were placed i n  separate  porcelain dishes, arranged in tb form 
of a ked 1-1/2 ir.ch*s thick, covered, ar.d placed in an e l e c t r i c  muffle a t  roon temper- 
atwe. A therr;.ocouple was ?laced L? the center of one of the smples t o  record the Sed 
teenerature. 
a t w e  of the 0 3 - s h d e  saiiple was ra i sed  i n  Lmrements of lao F. per hour t o  6500 F. 
It vas minta ined  a t  650' 7. f o r  six hours, then ra i sed  t o  7. f o r  an a d d i t i o n s  
SLK h o x s  3nd %.hen t o  7 0 3 O  Fa, mtil  dqrada t ion  of t k o r g a n i c  patter app3red  t o  b 
corn$.ete. 
i i idivicixLt  pieces of o i l  shale x i t h  m i n i i m  strIicturz2. breakdmm of & inorga-ec 
TA~TLK, 
&OO and 7CQ0 F. 
encrusted v i t h  carboniceous material. 
tecperature was maintainsd a t  700° F. f o r  four hvxs. 
aceous material began t o  disappear slowljj .  
.miitai?ed a t  this p o b t  for fom h v x s .  
renoved a t  7.50' 1. 
t h i s  t r e a t m n t  c o n t a h d  l a s s  than 0.1 weight-percent of the  

The s m p l e s  iiere heeted t o  250° F. over a .=riod of one how.. T k  temper- 

This proczdcre was follower! to -=nit t:he o r g a l c  mafter t o  escape i ron t& 

Degradation of e s s e n t i a l l y  all t he  organic patter appeared to ocsur betyeen 
A t  t h i s  p.hs3 Of th? tkimal t rea tnent  the individual  pieces were 

The porcelain dishes were uncovered, and the 

Any carbonaceous nuterkl =,mining was 

During C~?is period tk carbon- 
The temperature was ra i sed  t o  7250 F. and 

Chenicd analyses indicated t h a t  the shale residue o b t a b d  frm 
organic carbon. 

Rio composite s m p l e s  of organic-Zree mineral const i tuents  frm 28.&;aUon-per-tm 

I 

\ 

I 
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FIGURE I.-SCHEMATIC DIAGRAM FOR PREPARING ORGANIC-FREE SHALE RESIDUE 
FOR P A R T I C L E - S I Z E  MEASUREMENTS 
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o i l  s m e  (2-C) -.ere prepared in the sane m m e r  as  described above. 
t h i s  &gree of richness vas selected, as it occurs a t  several  d i f fe ren t  leve ls  i? tb 
Selective m i n e .  
'gallon-per-ton o i l  s;hales represented 55&2 and 83.7.5 weQht-percent of the initial 
o i l  shale, respectively. 

!tinera1 Cons ti tuents  

cil shale of 

T h e  iqorganic . h e r d  c o n s t i k e n t s  mcovered from tb 75- and 25.5- 

The major inorganic const i tuents  in the  o i l  s h d l e s  studied were quartz, feldspars, 
dolomite, ,and c a l c i t e ,  which compose a p p r o f i m t d y  9.5 weightt-percent of the t o t a l  
miners matter. T:w miqor  const i tuents  include i l l i t e  c lay rnizxals, ppt+a, a i d  
a m l c i k .  The const i tuents  most sens i t ive  t o  t h e d  'treatmnt a re  t,he i l l i t e  c lay  
minerals, p ' p i t e ,  and. the carbona'p-s. G r i n .  ( 2 )  'has shwm by d i f f e r s n t i a l  t h e d  
curves t ;wt  i l l i t e  dces not undergo formation of  new pbases a t  750° F., or below. 
Accordiqg t o  Jukkola e t  al., (5) the d o l d t e  a?d c a l c i t e  i n  o i l  sh2l.e dc not decorrpose 
klm lWOo F. 
hours hac? an average loss in weight of 0.15 .might-prcent indicatL7.g that the shale 
resiZue did not undergo any appreciable loss  in weQnt on prolonged k a t h g .  

Smples  02 organic-fiee & h i e  residue .naintained a t  750° F. f o r  e i g h t  

S5enical Chmges  bring Thermal Treatrent 

A s  a result o f  c;henical changes that occurred duril; rerno'e2 of th organic matter, 
the shale'residue (1 -C)  contained 5.07 weight-prcent calcium sulfata and ke51 ueight- 
percent ferr ic?  aids. 
o--;vinc L-t2 inorgzqic const i ixents ,  a s  calciiun sulfa'te 2nd f e r r i c  oxide ,have been ident i -  
f ie6  iq o n l y  trace amounts i n  the Ininable bed. 
fro;? midat:ion of t k  i ron pyri te ,  and tk c a l c h n  sulfa&& probably was formed by 
Lrkar.cction bettrecn c a l c i t e  and e i ther  organic or  inorganic sul-fur or a combination of 
both. Apparently t h e  calcic& was attacked instead 3f the d o l o d t e  L? the  fornat ion 
of calcium su l fa te ,  as no nagnes2m s u l f a t e  o r  f r e e  .naznesiun c&-bonate was &+dcted 
i? the s:hale Azesidue. The c a l c i l ~ 7  sulfate could 'E remooed bj prolorged conti-nunus 
extract ion with ?.rater. 2eca;lse of density difference between the f e r r i c  oxide and the 
remainder of tLhe shale resid.=, t i e  congloim-a+ad f e r r i c  oxide could probably be 
removed by gravi ty  separation, using an appropriate l i q u i d  inedi:un. :immver, e f fec t ive  
senaratioc 3y t h i s  .nethod vas not accomplished. 
 as a t t r ibu ted  t o  physical forces i?&*racti?g betwzn the f i a e  par t ic les  and I i c p i d  
wdim. 

F a r t i c l e S i z e  !basurements, Sieve Analysis 

deternbed  by passing each of tne tmo coGosi te  samples (14) over 30-, 60-, 80-, loo-, 
3 3 - ,  300-, and 3 2 . h ~ x h  sieves and weighb:: the primary b-organic par t ic les  re ta ined 
on each sieve. 
;ro;-ed over the  screen surfaces by applying press.ure with a small brush.  
reduced conglomerated msses but was not severe enough t o  f r a c t w e  prLiFJ  par t ic les .  
FLnce, any new p a r t i c l e s  fomed ir. reducing the corglomzates oy this method * , E  
essent i3l l j r  f ragnents of cenentiag agents or possiblz  of sme of the iliik C&J mi?-. 
erals. 
and dnm t o  4b microns ii diameter, amounted t o  0.a -,eight-percent of the shdle 
residue (14). 

Formation of tnese compnmds i r t roduced p a r t i d e s  foreign t o  the 

Tihe f e r r i c  a i d e  most likely resu l ted  

Failure t o  separate the f e r r i c  a i d e  

Therefore the f e r r i c  oxide was included as par t  of  the shale  residue. 

P a r t i c l e s i z e  measurements of tb larger par t ic les  i? tk r i c h  s i d e  residue ?ex 

An7 s i d e  residue t h a t  did not readi ly  pass successtve sieves vas 
This rrethod 

The combinsd weight of the pr imary  p a r t i c l e s  re ta ined on tk sieves, above 600 

Par t ic leSiZe  Pbasmemnts i n  the  Subsiew Range 

Microscopic exar;;inations of the shale residue in th subsieve range (1-D) revedled 
that it still contained conglomrated masses. &duction of these masses, except f o r  
some of the f e r r i c  a i d e ,  was best  a t ta ined  by subjecting the shdle residue suspended 
in a l iquid mdium t o  ul t rasonic  v i b r a t i o n s .  The apparatus . s e d  t o  produce the 
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d t r a s o ~ c  V;,brations was a Glennib  K d e l  U - 6 z  u l t rasonic  u n i t  ra ted  a t  
cycles p e r  second with a pokier output t o  the transducers of 100 watts. 
c les  of c a l c i t e  and dolsrAte recovered on the 80- ani 1 0 W s h  sieves  were exposed t o  
d t r a s o n b  vYorations without s ign5ficant  deleterious effects .  
it was concluded t h a t  t i e  ul t rasonic  vibrat ions induced no appreciable &hatter of the 
primary par t ic les .  

kilo- 
Priinaq!~ par t i -  

&%am these observatiom 

Each composite sanple of shale residue in ti-e subsieve range (1-D) was divided 
i n t o  t.+ee portions, a s  it was desired t o  obtaL-7 par t ic le -s ize  infomation of the 
initial sbAe residue (l-g), the s.ha3.e residue f ree  of water-soluols raterial (1-F), 
L?d that portion of tk shale  n s i a u e  r e s i s t a n t  t o  d i l u t e  @lroc:hl.oric acid (14). 
The water-soluble-free afid acid-resis tant  residues represented 91.59 and 60.07 weight- 
percent o f  the initial shale residue (1-C). 
three residues were 2.743, 2.73jLr and 2.6892. 
n m d  3.34 weight-percent of m a t e r 7 3  other than cdcim sdfate  Iron tk i n i t i a l  shale 
residue (1-D). 

The respective spec-l'ic grav i t ies  of tsle 
T h  continuous w s t e r  extractior? re- 

Many di f fe ren t  methods and apparatus, each w i t h  its merits and l i m i t a t i m s ,  are 
used f o r  making particle-size reasurements of material5 i n  t h e  subsieve r a g e  (6,lS). 
Tie mt:?cd selected for  t h i s  work was the  kcre .wnt  re thcd of sedimntat ion,  considered 
t o  &.one of the most accurate mthods; the a7,paratus was an Andreasen sedhenta t ion  
vessel. h e  l i n i t a t i o n  of t h i s  nethod is that p a r t i c l e s  wi th  dianeLars snaller than 
0.5 m i c r a  cannot be rneasured ai ing t o  &amian movment, which prevents f r e e  fall,. 
Two inportant requirements for  accurate par t ic le-s ize  =asmerents  are  a high degree of 
dispersion of individual p a r t i c l e s  and xbsequent prevention of f locculat ion during the 
prolonged test period. These requirements were 'best at ta ined ahen a suspension =,dim 
was used t i t  consisted of d i s t i l l e d  w a t e r  containiqg 2 grams pe r  liter of rJaxad ?io. 
23 a s  the dis?ersing agent ( 7 ) .  Periodic examination of  the suspension and the  forma- 
t i o n  on standm.g of a r i g i d  s e d h m t  of mininun vo>&me indicated t h a t  the t x o  require- 
ments w e r e  a t t a i m d  t o  a htgh degree. 

Duplicate d e t e n i n a t i o n s  were made on each or" samples (LD), (l-F), and (1-13). 
A weighed saqple, c ,df ic ien t  t o  give an  approxinate volme concentration of 1 percent 
of the v o l u i i  of t.he sedirentat ion vessel, uas nixed with 200 d. of suspersion Tedium; 
a i d  the sixpension was subjec'kd, with constant s t i r r i n g ,  t o  ul t rasonic  v i j ra t ions  f o r  
30 minutes. 
reference mark with svspension medium, and thoroughl7 mixed before it was placed i~ a 
constafit-temperat;lreue bath (70° F.) t o  minimize tk e f f e c t s  of  convection ciz-rents. 
T k  sus-pension medium B e d  t o  analyze (1-9) was saturated a t  70° F. with calcium sillfak 
t o  prevent any calcium sulfate i i i  the shale residue frar going i i i to solution. 
te.mperatuze equilibriuix was at ta ined,  trs vessel was renoved, thoroughly shaken f o r  
several nLmtes, emplomg a tunbling notion, r e t u n e d  t o  the bath, a?d t b e  f k s t  
l0-d.  f r a c t i o n  i i i e d i a t e l y  wit-hdraxn and t ransferred t o  a tared. bea-br. S? lbse tpnt  
f ract ions vere withckaxn ana t ransfer red  t o  tared 'makers a t  i n c r e a s h g  ti?= Lqtervals, 
a r b i t r z r i l y  se lec ted  over a cwmibtive p e r i o d  of abo-at 1M) hours per wAlgsis. Each 
f rac t ion  except tb f i r s t  was withdrawn a t  unifom. rate, appprodmtely 20 seconds per 
f rac t ion ,  t o  mininlize dishrbance of t h e  scspension. T h e  number of  f rac t ions  col lected 
to ta led  20 t o  22. A f t e r  evaporation of t:re l i q u i d  and drying a t  220° F., each f rac t ion  
wa3 rqeighed and the correction applied for the dispersing agent. The corrected weight 
of the first f r a c t i o n  represented the initial concentration of shale  residue in the 
suspension. The weight-.percent o f  each subsequent f rac t ion  was  calculated from th 
b A t k l  concentration, and its corresponding p a r t i c l e  s ize  was determilled 
lz,, expressed as follows: (9) 

T h e  zsixtxre was t ransfer red  t o  ti% sedhenta t ion  vessel ,  d i lu ted  t o  the 

iLkr 

Stokes' 

I 

\ 
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where r is the radius  of spherical  p a r t i c l e  (cm.); n, t i e  Viscosity of suspending 

is withdravm; d l ,  spec i f ic  grav:t.j of the par t ic le ;  d2, spec i f ic  gravi ty  o f  s-*pending 
mdimn; g, gravi ta t iona l  constant; and t, tin? in seconds. 
premise t'mt p a r t i c l e s  are  spherical  and smooth and that the concent=ation of the 
suspension is d i l u t e  enough t o  permit free f a l l .  
and 5) revealed t h a t  the prinarf par t ic les  were e s s e n t i a l l y  noi..sphericd. 
bmar ( 7 )  s t a t e s  t h a t  irregdar par t ic les  v i t h i q  the subsieve range ha-Je been shown t o  
behave much l i k e  spheres. 
should be valid. 

(poises); h, distance (cm.) betieen l iqx id  surface a d  p i p t t S  t i p  when sample 

Stokes' law is based on the 

Photoi icrograph (Fibures 2, 3, 4, 
Hagever, 

Xence, the r e s u l t s  obtained by t h e  sedimentation method 

The shale residue ( 2 4 )  from t h e  28.S-gallon-per-ton oil shale w a s  subjected t o  a 
sieve analysis i n  the same manner described for t h s  shale residue f r o m  tk r ich  oil 
shale. 
extensive. 
reduced t o  within the subsieve range. 
the conglo.wrated msses  re ta ined  ai the sieves. 
recyired saxe form of crushing. 
percentage (1.73) of water-soluble material (241, only the ini t ia l  material in the sub- 
sieve raqp ( 2 3 )  was analyzed f o r  particle s ize .  

T n e  degree of cewnta t ion  b e b e e n  individual p r j i ~ 2 r y  p a r t i c l e s  vas f a i r p i  
As a r e s u l t  of this, only 62.5 weight-prcent of th? shale  residue was 

Ultrasonic L-eatmnt did not e f fec t ive ly  reduce 
To fur ther  reduce t h e m  would have 

&cause of the high degree of cemn'ation and l o w  

Interpretat ion 0.f R'esulta . 

Nathematical analysis  of  the d i rec t  anal$t,icd data from tbe sedimntat ion runs 
indicated that these data  could best  be expressed by convertiqg t h e m  t o  a form t h a t  p r -  
rnitted grapfic  presentation, tht is, cundat iva  veight-percent oversize as a function of 

s izedis t r ib i l t ion .  curve f o r  the i n i t i a l  oil-shale residile (1-C). 
represents the sieve analysis. 
curve would not show p a r t i c l e s  w i t h  diameters grea ter  thaii 4!: microns, as they riould have 
k e n  retained on ths  32$xesh sievn. 
par t ly  or  e n t i r e l y  t o  the pr inciplo tilat s ieves  c lassi fy p a r t i c l e s  according t o  the l e a s t  
cross-sectional area. 
sedimatztation ruin (7.20 weight-percent, with ecuivaleat  s?herical  dianeters  of less 
than 0.5 micron) was e s s e n t i a l l y  c a l c i m  sulfate and i l l i t e  .clay miierals, as  determined 
by X-ray d i f f rac t ion .  
%ight-percent of the shale residue analyzed. 

f ree  of water-soluble raterial (1-F). 
par t ic le  s ine based on the ana ly t ica l  da ta  f ron  two copqosite smples. The degree of 
confoimify beheen the tzro samples, as exhibi ted by t.k plo t ted  'poLits, xas such that 
only one curve could be convenimtly presented. ?he l i i e a r  p l o t  represents t i  sieTE 
adysis. The t o t a l  quant i ty  of shale residue accounAted f o r  represented 98.8 %Eight- 
porcent of the shale residue analyzed, of which 3.2 weight-percent r e . m h d  in sus- 
pension. 

d i lu te  .hydrochloric ac id  (1-8) is shown in Figure 8. 
acid-resis tant  residue were quartz and feldspzrs.  
average of tiia s e t s  of experiTenta1 &<a taken from t r ~ o  composi'e s a ~ p l s s  of s M e  
residue. The p lo t ted  points s h a i  the ac tua l  v a l w s  calculzted from t n e  anal>%ical 
data. The quant i ty  of s i d e  residue witn equivalent spher ica l  dimeters less than 0.5 
micron t h a t  remained i n  the suspension rediurn a t  the end of the run was 2.6 weight- 
p r c e a t .  The t o t a l  quant i ty  of shale residue accourted for  was 96.5 ueight-percent of 
tne shale residue c h a g e d  t o  the sedirLentation vessel. 

Figure 9 presents the cumulative Farticle-size-distribution cmve f o r  the primary 

' the logarithm of equivalent spherical  diameters. Figure 6 presents the cumdative 
The l inear  p lo t  

If t k  primary p u t i c l e s  had been sg-heres, t k  S-shaped 

Overlapping of tk two curves is a t t r ibu ted  

The m t e r i d l  tha t  remined i n  suspension a f t e r  canpletion of t h e  

The t o t a l  quantity of shale residue accounted f o r  was 99.5 

Figure 7 presents the cumulative par t ic le-s ize  d i s t r i b u t i o n  curve of shale residue 
The S-shaped curve repTesents th average 

The material that r e m a h d . h  suspension was e s s e n t i a l l y  illite c lay  minerals. 

The cumulative par t ic le-s ize  d is t r ibu t ion  curve for  the 'shale residae t reated w i t h  
The major const i tuents  in tkp 

'Tk S-s.b?ed c w c s  represents th 

J 
! 
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Figure 2, Photomicrograph of primary inorganic particles i l lustrating 
shape and roundness. Equivalent spherical diameter range, 
175 t o  250 miarons. MagnFfioation 3OX. 

\ 

Figure Photomicrograph of primary inorganic particles sham above. 
Magnification lOOX. 
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Figure h. Photcwicrograph of primary inorganic particles. Equivalent 
spherical diameter range, 5 to  15 microns. 
21Qx. 

Magnification 

Figure 5. Photomicrograph of primary inorganic particles, essentially quartz 
and feldspars. Equivalent spherical diameter range, 15 t o  30 
microns. Magnification 21Qx. 

I 
I 
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EQUIVALENT S P H E R I C A L  D I A M E T E R  IN MICRONS 

FIGURE 6.-CUMULATIVE PARTICLE-SIZE DISTR18UTION CURVE OF THE 
PRIMARY INORGANIC PARTICLES I N  RICH OIL SHALE 

SAMPLES OF 75-GALLON-PER-TON 
OIL SHALE ( 1 - F l  

500 IO0 50 10 5 1.0 0.5 
EQUIVALENT SPHERICAL D I A M E T E R  IN MICRONS 

FIGURE 7 . -CUMULATIVE P A R T I C L E - S I Z E  DISTRIBUTION CURVE OF PRIMARY 
’ INORGAN!C PARTICLES FREE OF WATER-SOLUBLE MATERIAL 

, 
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- C. RUN NO. I 
o RUN NO 2 

\ 

I 

I 

ORGANIC-FREE OIL-SHALE RESIDUES 
FROM TWO DIFFERENT COMPOSITE 
SAMPLES OF 7 5 - G A L L O N - P E R - T O N  

6G1 OIL SHALE ( 1 - H )  

50/ 
4% 

I 
30 b 

EQUIVALENT SPHERICAL DIAMETER IN MICRONS 

FIGURE 8.-CUMULATIVE PARTICLE-SIZE DISTRIBUTION CURVE OF PRIMARY 
INORGANIC PARTICLES FREE OF WATER-SOLUBLE AND DILUTE 
MINERAL ACID-SOLUBLE MATERIALS 

IO0 

90 

80 

I O  

0 

I % l  I ' m ,  I I 1 , * , I  I 

- 1 
' . 0 ORGANIC-FREE OIL-SHALE R E S I D U E  FROM 
k 75-GALLON-PER-TON OIL SHALE ( 1 - 0 )  

- b O R G t N I C - F R E E  0 I L . S H A L E  RESIDUE FROM 
2 8 . 6 - G A L L O N - P E R - T O N  O I L  S i i A L E ,  62.5 

- ' N T  % OF I N I T I A L  O I L - S H A L E  R E S I D U E  
REPRESENTED ( 2 - 0 )  

- 

- - 
- - 
j 

! 
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500 100 50 10 5 1.0 0.5 
E O U I V A L E N T  S P H E R I C A L  D I A M E T E R  IN MICRONS 

FIGURE 9 . -CUMULATIVE P A R T I C L E - S I Z E  D I S T R I B U T I O N  CURVES OF 
PRIMARY INORGANIC P A R T I C L E S  IN 7 5 - A N D  28.6-GALLON-  
PER-TON O I L  SHALE 
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iiorgafic par t ic les  (2-D), 28.6-gaflon+er-ton O L l  shale, t h a t  passed through the 
325..=sh s ie-E.  RE plot  of Figwe 6 is -hcluded in  Figure 9 for  the purpose of can- 
p z i p g  p a r t i c l e  s ize  and par t ic le-s ize  d is t r ibu t ion  0.f pr imaq i n o q a n i c  par t ic les  in 
2~ si.de taken at  tmo dicZeren$ l e v e l s  wi t i - i j n  tbe oil-shale fornation* The o i l  
& d e s  frm tpese ti:c levels  d i t fe red  videly i-l1 organic content. 
both s i z e  and dist r ibut ion 02 w-e prinary par t ic les  withk. ti%? t+7o ievels  exhib i t  a 
high degres of s inf iar i ty .  
t i a t  did not reduce t o  primary p a r t i c l e s  ( 2 2 )  during tk 'screen analysis indicated 
tha t  t h  s i z e s  of the primary p a r t i c l e s  constitut-hg the conglorerated masses were of 
the order of -those tha t  passed the 3 2 S i ~ s h  sieve. 

It is zoted that 

Xicroscopic e x m i x i t i o n  of &&e port icn of the shale residue 

T k  d k e c t  ~ s u l t s  of a l l  the s e d k ~ n t a t i o n  d y S e S  b. the form of cumulative 
Weight-Fercent oversize as a functicn or' equivalent sphhericai diaiiaters in microns 
plot-ed as S-shaped curves. T~-E plo ts  k-dicate  that d is t r ibu t ion  of s izes  of the 
p ~ 7 b . y -  inorparic par t ic les  i n  Grsen River o i l  shale tends t o  follow a log-~ormal  
&str ibut ion.  Good agreement t o  log-normal d is t r ibu t ion  was noted between equivalent 
sF'herica1 diameters r a r i n g  from approximately 1.7 t o  35 micrors when t k s e  &ta  were 
p lo t ted  on l c g a r i t h i c  probabi l i ty  paper. Departure from lcg-r.@rmal a s t r i b u t i o n  was 
noted abcve ana b e l w  these d iamters .  
corlnal p l o t  a s  l inear  lines an I c g a r i t h i c  probaoilitjj  paper. 
from tke cumlat ive frequeccy curves are, part ic le-s ize  range of tk primary inorganic 
par t ic les ,  xeight-prcent  of S P A S  residue above or  below a given diane+&r, or weight- 
percent of shale residce w i t h i n  any two size  ranges except f o r  the skale residce 
smaller t h a q  0.5 micron. 
t h i s  t.yp (gemetr ic  man s ize  and standard geom?%ric d e v k t i o n )  may be calculated 
from the S-shapzd curves b~ reading appropriate intercepts. 
i s  t i e  vdue i n  microns corresporiding t o  50-might-prcent mers ize ,  and the s ' a h d  
geometric deviation is ti r a t i o  of s i z e s  corresponding e i t h r  t o  84,u and 50.00 
or 50.03 and 15,e7 weight-percent oversize (3). 
inorganic par t ic les  deterclined f rm t h e  d is t r ibu t ion  c w w s  of shale residues repre- 
sented by ( l a ) ,  (LF) ,  (l-!-I), and (2-D) were 5.3, 5.4, 6.2 and 6.1: microns,, respec- 
t ive ly .  
calculated from t b  r a t i o  of skzes corresponding t o  84.U and 50.00 percent oversize, 
were 0.3, O.h, 0.4, and 0-3, respectively. 
porxIing t o  50.03 and 15-87, the values obtzined fo r  the standard g e a w t r i c  deviation 
were 0.4. 

Cm.d.ative frequency curves that are  log- 
I n T o m t i o n  a-railable 

- 
- 

Two paramters  t-hat oormdLly define d i s t r i b u t i s n  curves of 

Tne geometric man  size 

Tl-e geomtr ic  man s izes  of the  p r k a r y  . 

The valws of the standard geomtr ic  deviat iors  f o r  t& above curves, a s  

Calculated from the r a t i o  of s izes  comes- 

C-eomtric Form of Prim~.v Inorganic Par t ic les  

Informtior, concern-ing two fundamental properties of the primary inorganic 
par t ic les  -- shape and roundness -- is  best conveyed w i t h  photomicrographs. 
73lustra"ks primzry ixorganic p z r t i c l e s  re ta ined on ?. ~ f i u s  60+1s t?O-iwsh sieve. 
The par t ic les  ars preum.inantlljr rhmbic.  
par t ic les  b r ~ - g s  out the traa dimnsion and sone of their surface charac te r i s t ics ,  
as noted in Fi,we 3. 
diaiwters rar@ng f rm 5 t o  15 niicrons. T h e  g e m s t r i c  configuration of tke primaq 
pzr t ic les ,  k'ith equivalent s p h e r i c d  diansters  smLLer than 5 microns, could not be 
brocght out c lear ly  :&h photomicrographs. Howe-Jer , microscopic examination of these 
par t ic les  =-maled t h t .  tixi: g s c m t r i c  forin reserhled t h a t  sham i n  Figure 4. 
Figure 5 i l l u s t r a t e s  ~,k p r i m 7  p a r t i c l e s  t h a t  were resistant t o  dilute @&ochloric 
acici. 
feldspars, rmged frog 1s t o  30 microns. X-ray a n d y e s  indicated tha t  the sharp- 
pointed parZ1LcI-e~ ?rere quartz. 

Figure 2 

Increased magnification of a number of these 

Figure k i l k s t r a t e s  primary p a r t i c i e s  with equivalent spherical  

The equivalent sp,hcrical umeter  of t i s e  par t ic les ,  e s s e n t i a l l y  quartz and 

%!!!%z 
Ti-= r e s u l t s  of t h i s  invest igat ion provide better understanding of tk p a r t i c l e  

I 

,' 

\ 
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-size, p a r t i c h - s i z e  d is t r ibu t ion ,  and gecmetric fm of the primary inorganic pa r t i c l e s  
present in Green Iiiver o i l  shale. &cause par t ic le-s ize  s tud ies  could not be made i n  
tne prcsence of t he  organic matter, it was removed by t k d  treatment hi a rtxcnner 
tha t  m-himized chemical and physical changes t o  tre mi?eral consti tuents.  
of its high organic content, o i l  s,hal.e that assayed 75 g a l l o n s  per ton yielded a 
friable residue amenable t o  t h i s  type of work, The port ion of shale residue from tAhe 
28 .t-gdlon-per-ton o i l  s:iiale thzt reduced t o  primary iriorganic pa r t i c l e s  without 
crushing - 62.5 weight-prcent -was used fo r  par t ic le-s ize  studies.  

v i r tue  

The p r h - y  inorganic pa r t i c l e s  were es sen t i a l ly  nonspberical , and their predomin- 
a t e  g e m e t r i c  fo rm appeared t o  be rhaTbic. 
inorganic pa r t i c l e s  analyzed :had eqi ivalent  spherical  dian?eters less than bh microns. 
The dis t r ibut ion of s i zes  tend t o  f o l i m  a log-normal d i s t r ibu t ion  betxeen equivalent 
spherical  diameters ranging fro;>. 1.7 t o  35 microns. Departure from log-normal occurred 
below and abov;! these values. T k  geomt r i c  E&? s i ze  and standard gecmetric deviation 
of the  prinary inorganic pzr t ic les  free of water-soluble material in t h e  75-gaUon- 
per-ton o i l  shale vere 5.4 microns and O.h, respectively.  The carrespondicg v d u e s  
for t h a t  poFtion of the 28.6-gdlon-pr-ton o i l  s M e  residue analyzed were 6.L micrcns 
and 0.3. 
c les  of oil shales that differed widely i n  organic content and represented two d i f f e ren t  
l eve l s  within the Green River fo rmt ion  appeared t o  te qu i t e  similar. 

:.lore than 99 weight-percent o f  tk primary 

The range of s i zes  and tm of d i s t r ibu t ion  of the p r i m r y  inorganic pa r t i -  
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INTRODUCTION 

The relation of energy input on grinding to the production of fresh 
broken surface has received much study (1); and, consequently, comparative 
increases in surface areas of ground particles have been measured by a variety 
of methods. However, the absolute external or geometric surface area of coal 
particles, and the corresponding shape factor, have significance in other 
processes than grinding. For instance, in processes where coal is chemically 
reacted at high rates, the rate of reaction is partially controlled by the 
geometric area ( 2 ) .  The area of any sample of coal of which the density and 
sieve size distribution are known can be readily calculated from a knowledge 
of a shape factor k defined by 

(geometric surface area) = k (volume) (1) 

where p is a sieve size. A r i s  ( 3 )  has shown that the ratio of volume to 
geometric area, that is b/k, is a characteristic dimension for use in studies 
of the reaction of solids in beds. Hawksley ( 4 )  considers that the drag 
diameter, which is approximately equal to the diameter of the sphere having 
the same surface area as the particle, is the most fundamental dimension for 
use in hydrodynamic problems involving particles. The drag diameter is re- 
lated to the sieve size by 

d = 6 2  
k 

The above remarks indicate that a knowledge of the values of k for 
coals is likely to be of interest in many industrial processes. Examples of 
such processes where the shape factor is of actual or potential importance are: 

(a) the combustion of pulverized coal in central power stations, 
(b) the gasification of pulverized coal, 
(c) the production of low temperature coke and coal chemicals in 

(d) the firing of open cycle turbines with pulverized coal, 
(e) the hydrogenation and chemical processing of coal suspensions, and 
(f) the transport of coal in fluid suspensions. 

fluidized bed processes, 

REVIEW OF PREVIOUS WORK 

A s  is well known, coal has a large internal surface area due t o  a 
very fine micropore system within the particle (5). Many methods of measure- 
ment of surface area determine this internal area in addition to the exterior 
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s u r f a c e  and, therefore ,  a r e  not  s u i t a b l e  f o r  t h e  measurement of shape f a c t o r s .  
The f l u i d  permeabi l i ty  technique, u t i l i z i n g  a modif ied Kozeny equat ion,  does 
not  i n  genera l  measure i n t e r n a l  s u r f a c e  a r e a  ( 6 ) .  T h i s  i s  SO because t h e  
i n t e r n a l  pore system o f  c o a l  has  a n e g l i g i b l e  p e r m e a b i l i t y  compared t o  t h e  
flow between c o a l  p a r t i c l e s  i n  a packed bed. Romer ( 7 )  used an  a i r  permea- 
b i l i t y  method t o  measure the  geometr ic  s u r f a c e  a r e a  of  ground c o a l  f r a c t i o n s .  
He d i d  no t ,  however, make a v a i l a b l e  enough informat ion  t o  enable  shape f a c t o r s  
t o  be c a l c u l a t e d .  Skinner  ( 8 )  poin ted  ou t  t h a t  t h e  hydrodynamic a r e a  a s  
measured by permeabi l i ty  methods i s  of primary importance in t h e  combustion 
of  pu lver ized  f u e l s  and recommended t h a t  i t  should be used t o  measure shape 
f a c t o r s  i n s t e a d  of assuming a c o n s t a n t  shape f a c t o r  w i t h  s i z e .  

APPARATUS AND EXPERIHENTAL TECHNIQUE 

Grindinz of Coal--The c o a l  under test  w a s  ground i n  a s t a n d a r d  Hardgrove 
t e s t  machine accord ing  t o  t h e  A.S.T.M. s t a n d a r d  method ( 9 ) .  The ground 
product  was c a r e f u l l y  s ieved  i n t o  f r a c t i o n s  and t h e  f r a c t i o n s  weighed. 
These f r a c t i o n s  were then  used f o r  t h e  d e n s i t y  and s u r f a c e  a r e a  measurements 
descr ibed  below. 

, Densi ty  o f  Coai Fract ions--To measure t h e  s u r f a c e  area by t h e  permeabi l i ty  
method, i t  was necessary t o  know t h e  apparent  d e n s i t y  of t h e  c o a l  p a r t i c l e s  
t e s t e d .  Apparent d e n s i t i e s  were determined, a t  f i r s t ,  by water  displacement  
i n  a s p e c i f i c  g r a v i t y  b o t t l e .  The c o a l  powder w a s  weighed, v igorous ly  s t i r r e d  
with water  t o  thoroughly wet and release entrapped a i r ,  and t h e  d e n s i t y  d e t e r -  
mined. The o p e r a t i o n  could be c a r r i e d  ou t  i n  a few minutes  and i t  w a s  thought  
t h a t  i n  t h i s  time t h e  water would n o t  p e n e t r a t e  t h e  i n t e r n a l  p o r o s i t y  of t he  
c o a l  t o  any marked e x t e n t .  This  method gave r e p r o d u c i b l e  r e s u l t s  f o r  t h e  
l a r g e r  m e s h  f r a c t i o n s ,  but  i t  was found d i f f i c u l t  t o  w e t  and d e - a e r a t e  t h e  
f i n e  mesh f r a c t i o n s  (-200 mesh). Consequently, mercury d e n s i t i e s  w e r e  d e t e r -  
mined using a mercury porosimeter  ( 1 0 ) .  The p r e s s u r e  of mercury was increased  
u n t i l  t h e  r a t e  of e n t r y  of mercury dropped suddenly and f u r t h e r  p r e s s u r e  caused 
o n l y  a small  f u r t h e r  p e n e t r a t i o n .  The sudden chenge-point  was taken  a s  
e q u i v a l e n t  t o  t h e  geometr ic  dens i ty ,  and t h e  slow a d d i t i o n a l  p e n e t r a t i o n  as 
t h e  f i l l i n g  oE t h e  i n t e r n a l  pore system of t h e  p a r t i c l e s .  

Measurement of SurEace Area of Coal Fract ions--The s u r f a c e  a r e a s  of t h e  c o a l  
f r a c t i o n s  were determined us ing  t h e  Liquid p e r m e a b i l i t y  a p p a r a t u s  descr ibed  
by Lakhanpal, Anand and Puri (11) and shown i n  F i g u r e  1. A c o a l  sample was 
weighed and packed i n t o  tube A, be ing  suppor ted  by a t h i n  pad of  g l a s s  woo1 
over  the  c o n s t r i c t i o n  i n  the  tube .  The t i m e  t aken  for a g iven  volume of 
water  t o  flow through t h e  bed under t h e  mercury head w a s  noted,  as were t h e  
i n i t i a l  and f i n a l  mercury heads, s u i t a b l y  c o r r e c t e d  for  t h e  water p r e s s u r e  I 

head on  t h e  r i g h t  hand column of mercury, Al .  From t h e  weight  and d e n s i t y  of 
t he  coa l  sample, t h e  diameters  of t u b e s  A and C (de te rmined  by mercury cali-  
bra t ion) ,  t h e  length  of che bed, and t h e  v i s c o s i t y  of  water  a t  t h e  temperature  
o f  t h e  experiment ,  t h e  s u r f a c e  a r e a  of t h e  c o a l  i n  cm?per g .  of c o a l  was 
c a l c u l a t e d  from equat ion  (3a) .  

The method was found t o  b e  s imple and quick and t o  g i v e  good re- 
p r o d u c i b i l i t y . . T h e  major d i f E i c u l t y  w a s  found i n  o b t a i n i n g  a bed f r e e  from 
a i r  bubbles. When a i r  w a s  p resent ,  t h e  bed had a c h a r a c t e r i s t i c  mot t led  
appearance a t  t h e  s u r f a c e . o f  t h e  tube  and s u r f a c e  a r e a s  were both t o o  high 
and poor ly  reproducib le .  This  d i f f i c u l t y  was overcome by a l lowing  t h e  coal  



sample t o  soak i n  boi led-out  wa te r  f o r  an hour before  use, with f requent  
s t i r r i n g ,  and by packing t h e  bed wet. I f  t h e  coa l  w a s  w e l l  wet ted and packed 
under s u c t i o n  (from a wa te r  pump) w i t h  a cont inuous f low of boi led-out  water ,  
a i r  bubbles were not  found i n  t h e  bed. The bed w a s  k e p t  completely f u l l  of 
a i r - f r e e  water  a t  a l l  times dur ing  t h e  t e s t i n g .  

The instrument  was t e s t e d  by measuring t h e  s u r f a c e  a r e a  of a sample 
o f ' g l a s s  spheres  of s i z e  100-200 microns,  t h e  g l a s s  having a d e n s i t y  of 2.50 g . / c c .  
A microscope s i z e  count w a s  made on t h e  spheres  and t h e  s u r f a c e  a r e a  c a l c u l a t e d  
as  descr ibed  l a t e r .  
equa t ion  ( 3 )  of 4.75 ,  wi th  the va lues  from s i x  t e s t s  l y i n g  always w i t h i n  C6% 
of the  mean. Carman (12) reviews v a l u e s  of koq2 found f o r  spheres  and quotes  
va lues  from 4.5 t o  5.1,  w i th  a b e s t  v a l u e  of 4.8. The va lue  found was i n  good 
agreement wi th  t h i s ,  and i t  was concluded t h a t  t h e  appara tus  was working 
s a t i s f a c t o r i l y .  

Comparing t h e  two a r e a s  gave a mean f a c t o r  of koq2 i n  

THEORY 

S p e c i f i c  Surface  Area of Tes t ed  Mate r i a l - -The  s p e c i f i c  s u r f a c e  a r e a  of a coa l  
f r a c t i o n  was c a l c u l a t e d  from t h e  fo l lowing  formulae, which can be e a s i l y  derived. 

where d i s  t h e  s u r f a c e  a r e a  mean s p h e r i c a l  diameter  of t h e  m a t e r i a l  i n  
microns, So is t h e  s p e c i f i c  s u r f a c e  a r e a  i n  sq .  cm. per  of  m a t e r i a l ,  
koq2 is  a f a c t o r  which v a r i e s  w i t h  t h e  shape of t h e  pores  in t h e  bed, R i s  
t h e  r a d i u s  of tube A, R1 i s  t h e  r a d i u s  of tube C, 0 i s  t h e  p o r o s i t y  of t h e  
packed bed, q i s  the  v i s c o s i t y  o f  water ,  L is t h e  l e n g t h  of t h e  packed bed, 
21 and 22 a r e  the  p r e s s u r e  d i f f e r e n t i a l s  across  t h e  bed i n i t i a l l y  and f i  a l l y  
i n  cm. of mercury, and t i s  t h e  t i m e  of flow i n  seconds.  The f a c t o r  ko> i s  
4 f o r  c i r c u l a r  pores, 4.8 f o r  a bed composed of spheres  and 5 f o r  a bed composed 
of  i r r e g u l a r  p a r t i c l e s  (13).  It  should be noted t h a t  d i s  only an in te rmedia te  
s t e p  i n  t h e  c a l c u l a t i o n  of t h e  s u r f a c e  a r e a  So, and it is not necessary t o  
a t t a c h  any p a r t i c u l a r  phys ica l  s i g n i f i c a n c e  t o  i t .  
c a l c u l a t e d  because these  va lues  cou ld  b e  compared w i t h  t h e  nominal s i e v e  s i z e s  

of an u n s a t i s f a c t o r y  t e s t .  
but is a d i r e c t  measure of s u r f a c e  a r e a .  For t h e  i r r e g u l a r , p a r t i c l e s  of ground 
coa l ,  equa t ion  (3)  becomes 

However, v a l u e s  of d were 

' of  t h e  m a t e r i a l  t e s t e d .  These v a l u e s ,  consequent ly ,  gave a ready i n d i c a t i o n  
So i s  i n  no sense  a mean of determined dimensions 

I n  o r d e r  t o  t e s t  the accuracy of t h e  appara tus ,  t h e  s p e c i f i c  s u r f a c e  a r e a  O f  
a sample of g l a s s  spheres  w a s  determined by microscope measurement and by t h e  
pe rmeab i l i t y  method. The s p e c i f i c  s u r f a c e  a r e a  by microscope measurement was 
c a l c u l a t e d  by using t h e  fo l lowing  e q u a t i o n  

I 
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where d N i  i s  t h e  number f r a c t i o n  of  s p h e r e s  i n  t h e  microscope diameter  range  
bi  f d p .  
t i v e  number of  p a r t i c l e s  below diameter  vi a g a i n s t  vi2 and a g a i n s t  pi3 and 
f i n d i n g  t h e  a p p r o p r i a t e  a r e a s  under t h e  curves.  

b) C a l c u l a t i o n  of  area-to-volume shape f a c t o r s .  
The s p e c i f i c  s u r f a c e  a r e a s  per  cm;), So, of 10 s i e v e  f r a c t i o n s  Of 

a coal  ground according t o  t h e  s t a n d a r d  Hardgrove t e s t  (60 g r i n d i n g  r e v o h -  
t i o n s )  were determined.  A s  t h e  percentage  weight  of c o a l  i n  any f r a c t i o n ,  
Ap say, and t h e  d e n s i t y  p were known, t h e  s u r f a c e  a r e a  & of t h e  f r a c t i o n  was 
c a l c u l a t e d  from 

The i n t e g r a t i o n s  were performed g r a p h i c a l l y  by p l o t t i n g  t h e  Cumda- 

a s=  S O A P  
F- P 

The cumulat ive t o t a l  s u r f a c e  a rea ,  S, and cumulat ive weight  p were than 
c a l c u l a t e d  from 

When S was p l o t t e d  a g a i n s t  p on serni-log paper, i t  was found t h a t  a smooth, 
shal low curve  was obtained. Then 

and v a l u e s  o f  dS/d(log p) were obta ined  from t h e  s l o p e  of t h e  curve a t  any 
given v a l u e  of p .  
corresponding t o  weight  p i s  c l e a r l y  g iven  by 

The s p e c i f i c  s u r f a c e  a r e a  p e r  gram a t  a s i e v e  s i z e  p 

I f  pc: i s  t h e  d e n s i t y  o f ( c o a 1  of s i z e  p and t h e  shape f a c t o r  f o r  t h i s  s i z e  
i s  kb from equat ions  ( 7 )  and (2) 



' I  
It should be noted t h a t  $ is  t h e  shape f a c t o r  a t  s i z e  p and i s  not  a mean 
over  a range of s i e v e  s i z e s .  k i s  independent of t h e  s i z e  d i s t r i b u t i o n  of 
t h e  ground coal ,  whereas any mean va lue  of k would depend on t h e  s i z e  d i s -  
t r i b u t i o n  between the  s i e v e  s i z e s  averaged. 

u. 

RESULTS 

Table 1 gives  t h e  ana lyses  of t h e  c o a l s  used i n  t h e  t e s t s .  The 
f o u r  c o a l s  cover a range from low rank h igh  v o l a t i l e  sub-bituminous coa l  t o  
h igh  rank low v o l a t i l e  a n t h r a c i t e .  

F igu re  2 gives  t h e  v a r i a t i o n  i n  apparent  d e n s i t y  of t h e  ground 
c o a l s  w i t h  s i z e .  I n  genera l ,  t h e  va lue  of dens i ty  determined a t  a given 
s i z e  v a r i e d  about the mean l i n e  w i t h i n  a range of 239.. F o r t u n a t e l y ,  t h e  
v a l u e  of dS/dp i n  equat ion ( 6 )  is i n s e n s i t i v e  t o  small  changes i n  d e n s i t y .  
The e f f e c t  of dens i ty  is mainly t h e  d i r e c t  p r o p o r t i o n a l i t y  shown i n  equat ion  
( 8 ) .  The water dens i t ies ,where  determined, were equal  t o  t h e  mercury 
d e n s i t i e s  w i t h i n  the  l i m i t s  of accuracy of both methods. 

Table  2 gives  t h e  s ize /weight  d i s t r i b u t i o n  of t h e  four  c o a l s  
ground f o r  t h e  s tandard  60 r e v o l u t i o n s  and t h e  s p e c i f i c  s u r f a c e  a r e a s  of t h e  
ground f r a c t i o n s .  A t  l e a s t  t h r e e  a r e a  measureuents were made on each f r a c -  
t i o n ;  t h e  v a l u e s  obta ined  were always w i t h i n  23% of t h e  mean and were u s u a l l y  
w i t h i n  +l%. 

Figure  3 shows t h e  cumulat ive s u r f a c e  a r e a  of m a t e r i a l  l e s s  than 
30 mesh ( U . S .  s tandard  s i e v e )  p l 3 t t e d  a g a i n s t  t h e  pe rcen tage  weight unde r s i ze  
f o r  coal  B 1 9 4 2 6 .  S i m i l a r  curves  were ob ta ined  fo r  t h e  o t h e r  c o a l s  t e s t e d .  
The numerical values  of t h e  s i o p e  were used t o  o b t a i n  shape f a c t o r s  using 
equat ion  ( 6 )  and ( 8 ) .  Table 3 g i v e s  t h e  shape f a c t o r s  a t  v a r i o u s  micron s i z e s .  
Over t h e  s i z e  range i n v e s t i g a t e d  (approximately 40 t o  600 microns), t h e  shape 
f a c t o r  was found t o  be cons tan t  f o r  a g iven  c o a l ,  t h e  determined va lues  va ry ing  
randomly about t h e  mean w i t h i n  about  +4X. There were marked d i f f e r e n c e s  in 
t h e  shape f a c t o r s  f o r  t h e  four  c o a l s  i n v e s t i g a t e d ,  t h e  d i f f e r e n c e s  being 
cons ide rab ly  g r e a t e r  than can be exp la ined  on the  b a s i s  of  experimental  e r r o r s  
of t h e  v a r i o u s  de te rmina t ions  made. 

DISCUSSION OF RESULTS 

The v a r i a t i o n  of apparent  d e n s i t y  of coal w i t h  s i z e  a f t e r  gr inding  
is t o  be expected,  s i n c e  s t r o n g e r  m a t e r i a l  w i l l  tend t o  c o l l e c t  i n  t h e  c o a r s e r  
f r a c t i o n s .  The s t r o n g e r  m a t e r i a l  w i l l  u s u a l l y  be denser  s i n c e  i t  w i l l  c o n t a i n  
more mine ra l  mat te r  and denser ,  more c o a l i f i e d  coa l  p a r t i c l e s .  
i s  more marked f o r  t h e  weaker c o a l s  f o r  two reasons:  a) t h e r e  i s  a g r e a t e r  
d i f f e r e n c e  between t h e  hardness  of the  mine ra l  m a t t e r  and t h e  remainder of 
t h e  coa l  and b) th2 g r i n d i n g  has  proceeded t o  a more adGanced s t a g e  f o r  t h e  
weaker c o a l s  (a l though ground f o r  t h e  same number of r e v o l u t i o n s ) .  
c o n c e n t r a t i o n  o f  denser  m a t e r i a l  in t h e  coarse  f r a c t i o n s  i s  p a r t i a l l y  counter -  
a c t e d  by t h e  l a r g e r  s i z e  m a t e r i a l  having a g r e a t e r  p r o b a b i l i t y  of breakage (14) 

This  e f f e c t  

The 

It appears u n l i k e l y  t h a t  shape f a c t o r  is a f u n c t i o n  of t h e  degree of  
I f  i t  were, t h e  f a c t o r  g r i n d i n g  ( a t  l e a s t ,  over  t h e  s i z e  r ange  i n v e s t i g a t e d ) .  

I 
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would be expec ted  t o  vary  f o r  d i f f e r e n t  s i z e d  f r a c t i o n s  because t h e  f i n e r  
f r a c t i o n s  c o n t a i n  m a t e r i a l  which has  been broken s e v e r a l  times. It i s  pOs- 
s i b l e ,  however, t h a t  t h e  shape f a c t o r  v a r i e s  from one type  o f  g r i n d i n g  
process  t o  another .  

An examinat ion of S e y l e r ' s  c o a l  c h a r t  (15) i n d i c a t e s  t h a t  over most 
of t h e  c o a l  range,  an i n c r e a s e  of 1% i n  t h e  hydrogen content  of  a coa l  has  
an equiva len t  e f f e c t  on t h e  v o l a t i l e  m a t t e r  (dry  ash  f r e e )  o f  about  an 8.5% 
decrease  i n  carbon content ,  t h e  percentage  being expressed  on  P a r r ' s  b a s i s  
(16) .  Therefore ,  i t  i s  proposed t h a t  t h e  rank of  a c o a l  be expressed  by 

Rank Index = % - C  ( P a r r ' s  b a s i s )  - 8.5%H B r r ' s  b a s i s )  ( 9 )  

When t h e  v o l a t i l e  m a t t e r  c o n t e n t s  of  c o a l s  a r e  p l o t t e d  a g a i n s t  th i s  rank 
index, t h e  p o i n t s  have a cons iderably  reduced s c a t t e r  about  t h e  mean l i n e  
over t h a t  when percentage  carbon content  a lone  i s  used (17). This  i s  a l s o  
t r u e  when g r i n d a b i l i t y  i n d i c e s  a r e  p l o t t e d  a g a i n s t  t h e  proposed index  a s  
shown i n  F i g u r e  4 ( 1 6 ) .  F i g u r e  4 a l s o  shows t h e  shape f a c t o r s  of  t h e  four  
coa ls  t e s t e d  a s  a f u n c t i o n  of  t h e  rank index.  Although d e f i n i t e  conclus ions  
cannot be drawn from four  r e s u l t s ,  i t  seems probable  t h a t  t h e  v a r i a t i o n  i n  
shape f a z t o r  has  a s i m i l a r  r e l a t i o n  to  t h e  rank o f  t h e  c o a l s  a s  t h a t  found 
f o r  g r i n d a b i l i t y  i n d i c e s .  

The geometr ic  o r  hydrodynamic a r e a  obta ined  w i t h  t h e  l i q u i d  
permeabiLity a p p a r a t u s  should not be a f u n c t i o n  of t h e  chemical n a t u r e  o r  
roughness o f  t h e  p a r t i c l e  s u r f a c e  s i n c e  t h e  r e s i s t a n c e  to  f low i s  due t o  
the  i n t e r n a l  f r i c t i o n  of  t h e  l i q u i d .  A l s o ' t h e  mean f r e e  p a t h  of t h e  l i q u i d  
molecules is not  g r e a t  enough compared t o  t h e  f low pa ths  for t h e  phenomena 
of s l i p  t o  occur. Consequently, t h e  v a r i a t i o n  of  shape  f a c t o r  impl ies  t h a t  
c o a l s  f r a c t u r e  t o  d i f f e r e n t  mean shapes depending on t h e i r  rank.  A high shape 
f a c t o r  means t h a t  t h e  p a r t i c l e  i s  f laky ,  w h i l e  shape f a c t o r s  approaching t h e  
va lue  of s i x  imply t h a t  t h e  p a r t i c l e s  tend  towards s p h e r i c a l  or  c u b i c a l  
shapes.  Thus, on t h e  b a s i s  of our l i m i t e d  r e s u l t s ,  a n t h r a c i t e s  and low rank 
sub-bituminous c o a l s  have more f l a k y  p a r t i c l e s ,  whi le  t h e  more e a s i l y  broken 
bituminous c o a l s  tend  t o  have more r e c t a n g u l a r  shaped breakage products .  

I t  is p o s s i b l e  t h a t  shape f a c t o r s  a l s o  depend t o  a c o n s i d e r a b l e  
e x t e n t  on  t h e  p e t r o g r a p h i c  c o n s t i t u e n t s  of  t h e  c o a l s ,  s i n c e  it is  known thaf  
d i f f e r e n t  macera ls  have conchoidal ,  s p l i n t e r y ,  o r  i r r e g u l a r  breakage (18) .  

CONCLUSIONS 

The geometr ic-surface-area- to-volume shape f a c t o r  was found t o  
be cons tan t  f o r  a g i v e n  c o a l  over  t h e  s i z e  range  i n v e s t i g a t e d ,  approximately 
40 t o  600 microns.  I t  seems l i k e l y  t h a t  t h e  shape f a c t o r s  of  c o a l s  a r e  r e -  
l a t e d  t o  t h e i r  rank  i n  a s i m i l a r  manner t o  t h a t  of t h e i r  g r i n d a b i l i t y  ind ices .  
Shape f a c t o r s  were found t o  vary  from 7.2 f o r  a medium rank bituminous c o a l  
Q7.9% v o l a t i l e  m a t t e r ,  d .a . f . )  t o  9 . 4  f o r  a h igh  rank a n t h r a c i t e  (4.5%) and 
9.6  f o r  a low rank  sub-bituminous c o a l  ( 4 2 . 4 % ) .  

1 
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TABLE 1 

Coal 

Const i tuent  

ANALYSES OF COALS USED 

B-19447 B-17790 B-19426 S t ,  Nicholas  A n t h r a c i t e  

As used,% A s  used,% As used,% As used,% 

Moisture  
Ash 
Carbon 
Hydrogen 
Nitrogen 
Sul fur  
Oxygen (by 

V o l a t i l e  Matter  
d i f fe rence)  

(D.A.P.) 

1-5 
16.5 
65.5( 83.5)* 
4.7(5.9)* 
1.1 
4.5 
6.2 

42.4 

0.8 
7.8 
78.8(87.6)* 
4.8(5.1)* 
1.5 
1.6 
4.7 

29.2 

p 

100 
75.26 
61.10 
26.98 
17.67 
10.78 
8.99 
7.23 
6.20 
5.03 
4.30 
3.20 

(-0.1) 

30 

0.5 
14.5 
75.2(90.6)* 
3.9(4.5)* 
1.5 
2.8 

2.6 

17.9 

S.N.A. 
so 

166 
211 
378 
552 
670 
786 
1000 
1156 
1398 
1717 

1.6 
9.3 
84.2(95.5)* 
2.4( 2.2)* 
0.85 
0.5 

1.1 

4.5  

100 
80.37 
73.13 
56.00  
47.45 
38.03 
34.81 
31.22 
28.29 
24.69 
22.48 
16.29 

0.83 

99 

*Parr's b a s i s  

132 
192 
296 
408 
502 
684 
744 
944 
1065 
1355 

TABLE 2 

SIZE-WEIGHT DISTRIBUTIONS AND HYDRODWAMCSURFACE AREAS OF SIEVE FRACTIONS 
FOR COALS GROUND ACCORDING TO THE STANDARD HARDGROVE TEST 

%Weight  l o s t  on 

Mean Hardgrove 

gr inding  

Index 

B-17990 B-19426 
I P Is0 P I so 

Sieve Range . S. S t anda rd  Mesh 

o.66 

52 

I 
16 x 30 
30 x 35 
35 x 50 
50 x 70 
70 x 100 

100 x 120 
120 x 140 
140 x 170 
170 x 200 
200 x 230 
230 x 325 
Minus 325 

100 
64.25 
54.05 
35.55 
27.02 
18.48 
16.89 
14.63 
12.95 
11.17 
9.82 
7.94 

r I 

178 
235 
403 
565 
710 
865 
1001 
1171 
1403 
1730 

100 
79.97 
71.78 
54.06 
44.78 
35.62 
32.78 
28.78 
25.95 
22.26 
20.26 
11.14 

0.72 

93 

138 
217 
30 7 
439 
598 
714 
948 
1036 
1235 
1635 

*p I by weight below upper s i e v e  s i z e  
*so = Surface  a r e a  per  uni t  volume of coal in s i z e  range given, m?/cm? 

i 
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B-19426 

SURFACE AREA M VOLUME SHAPE FACTORS FOX COALS 
GROUND ACCORDING TO STANDARD HARDGROVE TEST 

St. Nicholas 
Anthrac i t e  - 

* 
tL 

47.5 

62 

74 

aa 
105 

125 

138 

220 

29 7 

500 

590 - 

dS 
dP 

1240 

900 

a09 

632 

535 

486 

357 

250 

173  

100 

87.7 

B-19447 

I 

dS 
k u  - dP 

7 . 1  47 .5  1340 

7 . 3  62 995 

7 . 3  74 850 

7 . 3  aa 690 

7.4 105 591 

7.2 125 475 

7.1 149 406 

7 .2  216 286 

7.1 297 201 

7.1 500 113 

7.35 590 101 

4 4  

6 2  

74 

aa 

1 2 5  

105 

149 

220 

297 

500 

590 

Mean k 1 9 . 6  

dS 
p d p  

1420  

1040 

a50 

726 

480 

610 

396 

268 

1 9 7  

1 2 8  

104 

B-17990 

- dS ** 
dP 

1421 

1124 

935 

782 

678 

565 

497 

338 

230 

140 

i i a  

kM* 

9.6 

9.6 

9 . 5  

9 .5  

9.8 

9.7' 

9 .6  

9 . 8  

9 . 4  

9.6 

9.6 

k 

7.9 

8.1 

8.0 

8.0 

a. 2 

7 .8  

8.0 

8.0 

8 . 3  

7.9 

7.9 

8.0 

- 
w - 
44 

6 2  

74 

a8 

105 

1 2 5  

149 

21 0 

29 7 

500 

590  - 

* 
i s  sieve s i z e  i n  microns 

- 
k 
- 
9 . 6  

9 . 4  

9 . 6  

9 . 3  

9 . 5  

9 . 2  

9 . 4  

9 . 4  

9 . 3  

8.9 

9 . 3  - 
9 . 3  - 

2 
M 

9 i s  the s p e c i f i c  s u r f a c e  area i n  cm. per  g. a t  s i z e  IJ. 

k 

dp 
m 

is volwue-to-surface area shape f a c t u r  
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io 100 

Cumulative Percentage Weight Undersize 

Fig. 3. CUMULATIVE SURFACE AREA AGAINST PERCENTAGE UNDERSIZE 

FOR COAL 6-19426 GROUND ACCORDING TO STANDARD HARDGROVE TEST 

e' \ .  
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Rank Index = YO Corbon - 8.5% Hydrogen (Parr's Basis1 
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Fig. 4. GRINDABILITY INDEX AND SHAPE FACTOR 
AS A FUNCTION OF COAL RANK. 
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The Relation of Microscope Size to Sieve Size for Ground Coals 

Fuel Technology Department, The Pennsylvania State University 
L.G. Austin, R.P. Gardner, and P.L. Walker, Jr. 

University Park, Pennsylvania 

INTRODUCTION 

The weight versus size distribution of a ground coal is an important 
parameter in many industrial processes, and there has been much study of such 
distributions (1). The simplest and most commonly used method of size analysis 
is sieve analysis, but the finest sieve which can be used with any degree of 
accuracy has a nominal aperture of 44 microns ( U . S .  standard sieve No. 325). For 
material below this size it is necessary to use less direct methods such as air 
elutriation, sedimentation velocities, and microscopic measurement (2). In the 
sub-sieve range down to 1 micron, measurement with an optical microscope is simple, 
avoids problems of agglomeration found with other methods, and gives results which 
are fairly reproducible. Although microscope counting and measurement is tedious, 
if two experienced personnel work together, results can be obtained at least as 
quickly as with most other methods. 

To extend a sieve size distribution to sub-sieve sizes, it is 
necessary to know the relation between sieve size and the particular size property 
measured in the sub-sieve range. In the case of microscopic measurement, the size 
property is some characteristic visual dimension. The most comonly used dimension 
is the "projected area diameter", that is, the diameter of the circle which has the 
same area as the projected outline of the particle in the plane of the microscope 
slide. In the work described in this paper, the relation between microscope 
diameter (defined as above) and sieve size is investigated. 

REVIEW OF PREVIOUS WORK 

Skinner, Boas-Traube, Brown, and Hawksley (3)  measured the ratio of 
microsspic diameter to sieve size for coal which just passed a 7-mesh sieve. 
They obtained a mean ratio of 1.42. They state that it is not known whether this 
ratio varies with size. Heywood ( 4 )  investigated this ratio for a number of 
different materials and found values between 1 and 1.8, depending on the geometric 
shape of the particles. He has also proposed ( 5 )  an empirical formula which gives 
this ratio as a function of m and n, where m is the microscopic breadth of the 
particle divided by its thickness and n is the breadth divided by the length. 
Heywood states ( 6 )  that the relation between microscope diameter ahd sieve size is 
dependent only on the geometry of the particles and not on their size. 
and co-workers (7) measured the ratio of microscope diameter to sieve size for a 
series of sieve fractions of a coal which had been broken upon being dropped on to 
a metal plate. The ratio appeared to increase slightly with decrease in size over 
a range of approximately 3000 to 100 microns sieve size, the ratio having a mean 
value of about 1.5.  

Guruswamy 



APPARATUS AND EXPERIMENTAL TECHNIQUE 

Microscopic s i z e  counts were performed on a number of s i eve  f r ac t ions  of 
coa l  i n  t h e  range of 30 t o  325 U . S .  standard s ieve  s i zes .  
made by pro jec t ing  the f i e l d  on t o  a ground g la s s  sc reen  on which c i r c l e s  of 
varying r a d i i  were drawn; the  f i e l d  vas  then moved t o  bring each p a r t i c l e  under 
the  appropriate diameter c i r c l e .  By ca l ib ra t ion  with a microscopic scale,  :he 
representa t ive  s i z e  of t h e  c i r c l e s  f o r  a given magnification was known. 
p a r t i c l e  was assigned on an a rea  bas i s  t o  a group ly ing  between two c i r c l e s .  
From such a count, the cumulative percentage number of p a r t i c l e s  below any given 
microscope s i z e  was obtained- 

The measurements were 

Each 

For s i eve  f rac t fons  below 170 mesh, s l i d e s  were prepared i n  t h e  
following manner. 
of toluene u n t i l  wel l  dispersed, and a drop of the  suspension was t r ans fe r r ed  t o  
1 ml. of a 10% e thy l  ce l lu lose  i n  toluene so lu t ion .  Af te r  s t i r r i n g ,  a drop of 
t h i s  suspension was spread on a s l i d e  and allowed t o  thicken. 
technique, extremely uniform and w e l l  dispersed f i e l d s  were obtained. Pot 
l a r g e r  s izes ,  i t  was found t h a t  t he  p a r t i c l e s  tended to pro jec t  from t h e  d r i ed  

Consequently, dry s l i des  were prepared by ripping a small amount of t he  s i eve  
f r ac t ion  on t o  t h e  s l i d e  and spreading t h e  p a r t i c l e s  wi th  a f i n e  brush. For these 
s i zes ,  agglomeration did not occur t o  any s ign i f i can t  ex ten t .  

A sample of the  coa l  was s t i r r e d  vigorously i n  severa l  m l .  
. 

Using t h i s  

- c e l l u l o s e  layer ;  and i t  waa not poss ib l e  t o  get c lear  images of such p a r t i c l e s .  

The coa l s  t e s t ed  were ground according t o  t h e  standard Hardgrove 
test (8), a s  described i n  a previous paper (9) .  

THEORY 

L e t  the  external. geometric sur face  a rea  and t h e  volume of the  p a r t i c l e  
of s ieve  s i z e  be given by 

5 = k,p; 
and v = k . p .  
Then dS = k,p'dA 
and 

where dN r ep resen t s  the number of p a r t i c l e s  of s i z e  I.L + Q. Over a shor t  s i z e  
range, k, and k, may be  assumed% b e  co,nstant and 

J /  
Now S / V  = So, t he  s p e c i f i c  su r face  a r e a  of the material; and i f  a shape f ac to r  
k i s  defined by k = Sou, then k = kl/k2., Therefore, 

Defining R by R - dp/v, where dp is the  pro jec ted  a rea  diameter, 
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For the size fractions and coals investigated, So and k were known from previous 
determinations (9). The integrals were evaluated graphically. 

Although Equation (1) is derived without recourse to the concept of mean 
values, k/So is a specific-area (geometric area per unit volume) mean-sieve size, 
while ldp3dN/ldp2dN is a specific-area-mean-microscope size. 
can be given as 

Thus, Equation (1) 

where is a specific-area-mean-sieve size and is specific-area-mean-microscope 
size. In general, it was fwnd that, within two'or three per cent, 

Thus, the specific-area mean, area mean, and volume mean microscope size were not 
significantly different. 

RESULTS 

Table 1 gives the analyses of the coals used. They range from a high 
rank anthracite to a low rank bituminous coal. 

% 

Figure 1 shows the relation between d and determined for sieve ranges 
of 35 x 5 0 ,  50 x 70, 70 x 100, 100 x 120, 120 ~'140, 140 x 170, 170 x 200, 200 x 230, 
and 230 x 325 U.S. sieve numbers. For sieve sizes smaller than 80 microns 
(approximately 170 mesh), the ratio R appears to be constant at 1.68, with no 
significant difference between the coals tested. For sieve sizes larger than 80 
microns, however, the curve bends over sharply, giving a second straight line 
section which does not pass through the origin. The variability of the results 
tends to obscure any differences between the coals. The best-fit curve above a 
sieve size of 80 microns has the equation 

d, = 40 + I .  
or 



The disadvantage of us ing  t o  c o r r e l a t e  with 3 i s  t h a t  any e r ro r  in 
measurement of t h e  spec i f i c  sur face ,  So, of the  s ieve  f r ac t ion  considered w i l l  
r e i l e c t  as  an e r ro r  i n  G . .  This is in add i t ion  t o  the  e r ror  involved i n  microscopic 
measurements, which gives r i s e  t o  inaccurac ies  i n  the  ap values.  I f  t h e  a r i thmet ic  
mean s ieve  s i ze  of the f r a c t i o n  is used, the  sur face  a rea  e r r o r  i s  avoided, but no 
allowance is  made f o r  the  s i ze  d i s t r i b u t i o n  wi th in  the  f r ac t ion .  Figure 2 shows 
the  re la t4on  between the volumetric-mean microscope diameter (which i s  c lose  i n  
va lue  t o  dp , see  Equation (2))  and t h e  a r i thmet ic  mean s i eve  s ize . .  The genera l  
form i s  the  same as  Figure 1, but t he re  appears t o  be s ign i f i can t  d i f fe rences  
between coals f o r  t h e  portion o f  t h e  curve above 80 microns. 

F igure  3 gives values of R a s  a func t ion  of  microscope s i z e  f o r  t h e  
b e s t  f i t  curves of Figures 1 or 2. Values of s i eve  s i z e  ca lcu la ted  using these  
values of R and measured microscope diameters l i e  wi th in  t10% of the  a r i thmet ic  
mean s i eve  s i zes  f o r  a l l  t he  r e s u l t s  obtained. 

DISCUSSION OF RESULTS 

Previous r e s u l t s  ( 9 )  ind ica ted  no change i n  t h e  shape f ac to r  k with 
s i z e  fo r  a given coal i n  the  range 40 t o  600 microns, y e t  R decreased s ign i f i can t ly  
above s i eve  s i zes  of 80 microns. This r e s u l t  appears t o  be i n  c o n f l i c t  with 
Heywood's pred ic t ion  ( 6 ) .  Further,  t h e  values of R obtained f o r  the  la rger  s i zes  
were lower than those reported by o the r  workers (3,7). 

The mater ia l  below 170 mesh s i z e  was viewed i n  e thy l  ce l lu lose  suspension; 
but i t  would be expected tha t  t h i s  would tend t o  reduce R r a the r  than increase  i t ,  
s ince  the  thinner s ides  of the p a r t i c l e s  might l i e  i n  the  l i n e  of s i g h t .  It  is 
c l e a r  t h a t  the curve of $ agains t  p m u s t  pass through the  o r i g i n .  Therefore, even 
i f  the  minus 170 mesh r e s u l t s  were not avai lab le ,  it would be pred ic ted  t h a t  t h e  
curve must bend towards t h e  o r ig in .  The shape of t he  curve i s  not caused by e r ro r s  
in area  measurements, s ince  F igure  2 is  subs t an t i a l ly  t h e  same even though sur face  
a rea  measurements play no par t  i n  i t s  compilation. 

It  would appear tha t  t he  method of s i z e  reduction of t he  p a r t i c l e s  has 
a considerable influence on t he  va lues  of R, s i nce  the  values obtained by Guruswamy 
and co-workers ( 7 )  were s i g n i f i c a n t l y  higher than the  resul ts  presented here. It 
would a l s o  appear tha t ,  f o r  t he  narrow s i z e  ranges used, the use of a volume-mean 
microscope diameter and an arithmetic-mean s i eve  s i z e  is a t  l e a s t  a s  s a t i s f a c t o r y  
a s  using s p e c i f i c  a rea  mean diameters. 

Although the coa ls  used had specific-surface-area-shape f ac to r s ,  k, 
d i f f e r i n g  by a s  much as 30% (9), a s i g n i f i c a n t  co r re l a t ion  between the  values of R 
and k w a s  not c l e a r .  
coa ls  have about t he  same length and breadth r a t i o ,  n, but varying thickness t o  
breadth r a t io s ,  m, then it is e a s i l y  shown t h a t  t he  values of k may vary widely 
with a comparatively small change i n  R.  
shape with n = 2 and m varying from 1/0.3 t o  1/0.5 , ( l o ) ,  k w i l l  vary by almost 30% 
whi le  R w i l l  vary by l e s s  than 10%. 

It is  for tuna te  tha t  t h e  ex t r apo la t ion  of t he  curves of Figures 1 and 2 
t o  t h e  o r i g i n  g ives  a constant value of R fo r  t he  sub-sieve f r ac t ion ,  s ince  t h i s  is 
the  s i z e  range of most s ign i f icance .  
s i eve  microscope d i s t r ibu t ions  to  be jo ined  on t o  t h e  s ieve  s i z e  d i s t r ibu t ion ,  i n  
t h e  present  work, where t h e  coa ls  were ground i n  a Bardgrove machine. 

A possibLe explana t ion  f o r  t h i s  i s  as follows. I f  t he  ground 

For ins tance ,  assuming a rec tangular  prism 

The u s e  of a value  of R of 1.68 enables sub- 
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CONCLUSIONS 

For coals ground in the standard Hardgrove test mill, the ratio of 
microscope "projected area" diameter to sieve size, for material finer than 170 
U . S .  sieve size was found to be 1.68 for all the coals tested. Above this size, 
the ratio appears to decrease with increasing size to a limiting value Of about 
1.2. 
larger sizes) with the type of coal ground, this variation appears to be less 
than ca. -+LO% f o r  the four coals tested. 

Although there may be a significant variation of the values Of R (at the 
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Sulfur 
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difference) 
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Volatile Matter 

Shape Factor (k) 
Hardgrove 
Grindability Inde 
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TABLE 1 

ANALYSES OF COAL USED 

B-19447 

As used,% 

1.5 
16.5 
65.3(a3.5)* 

4.7(5.9)* 
1.1 

4.5 ' 

6.2 

42.4 

9.6 

52 

B -11 790 

As used,% 

0.8 

78 .a(a7.6)* 
4. a(5. I)* 

7.0 

1.5 

1.6 

4.7 

29.2 

a .o 

93 

B-19426 

As used,% 

0.5 

14.5 
75.2( 90.6)* 

3.9(4.5)* 

1.8 
1.5 

2.6 

17.9 

7.2 

99 

A s  used,% 
I 

1.6 

9.3 
a4.2(95.5)* 

0.85 

2.4(2.2)* 

0.5 

1.1 

4.5 
9.3 

30 

* 
Parr's basis 
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The Product ion of Fresh  Surface dur ing  t h e  Grinding of  Coal 
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L.G. Aust in ,  R.P. Gardner, and P.L. Walker, Jr. 
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INTRODUCTION 

For many years  t h e r e  has  been cons iderable  d i s c u s s i o n  a s  t o  whether t h e  
energy per  u n i t  volume r e q u i r e d  f o r  s i z e  reduct ion  of  b r i t t l e  materials i s  (a)  pro-  
por t iona l  t o  the  f r e s h  a r e a  produced ( R i t t i n g e r ' s  Law) or (b) propor t iona l  t o  the  
reduct ion i n  volume of t he  p a r t i c l e s  (Kick ' s  Law). Bickle  (1) has  given a n  e x c e l l e n t  
review of t h e  a v a i l a b l e  l i t e r a t u r e .  For f i n e  gr inding ,  R i t t i n g e r ' s  Law appears  t o  be 
t h e  law of most genera l  a p p l i c a t i o n .  Recent workers ( 2 , 3 )  c o n s i d e r  such laws t o  be 
of l i m i t e d  u t i l i t y  i n  problems of m i l l  des ign  and o p e r a t i o n .  However, the r e l a t i o n  
of gr inding  energy to  f r e s h  sur face  a r e a  produced i s  of i n t e r e s t  chemical ly  as i t  
o f f e r s  a method of i n v e s t i g a t i n g  s u r f a c e  e n e r g i e s  of m a t e r i a l s  ( 4 ) .  

REVIEW OF PREVIOUS WORK 

Although R i t t i n g e r ' s  Law has been widely i n v e s t i g a t e d  f o r  quar tz ,  
magnet i te ,  and a v a r i e t y  of o r e s ,  t h e r e  have not  been many i n v e s t i g a t i o n s  of t h e  
law f o r  c o a l .  The primary reason f o r  t h i s  i s  t h a t  c o a l  c o n t a i n s  an  i n t e r n a l  s u r f a c e  
a r e a  (wi th in  micropores)  t h a t  i s  l a r g e  compared t o  the  e x t e r n a l  a r e a  even f o r  f i n e l y  
ground p a r t i c l e s  ( 5 ) .  Since most methods of a r e a  measurement measure, e i t h e r  
completely o r  p a r t i a l l y , .  t h i s  i n t e r n a l  a r e a ,  t he  i n c r e a s e  i n  a r e a  upon g r i n d i n g  i s  
obtained a s  the  small  d i f f e r e n c e  between two l a r g e  q u a n t i t i e s .  Consequently, t h e  
r - s u i t s  a r e  i n s u f f i c i e n t l y  accura te  t o  be of much use.  

Hardgrove (6) c a l c u l a t e d  propor t iona l  a r e a s  of ground coa l  from t h e  s i e v e  
a n e l y s i s .  He assumed t h a t  shape f a c t o r s  and coa l  d e n s i t y  remained c o n s t a n t  through- 
ou t  the s i z e  range and t h a t  shape f a c t o r s  were the  same f o r  d i f f e r e n t  c o a l s .  The 
i n t e g r a t i o n  of t he  s i z e  d i s t r i b u t i o n  t o  a propor t iona l  a r e a  was c a r r i e d  o u t  assuming 
t . h t  the minus 325 mesh s i z e  had a mean s i e v e  s i z e  of 25 microns.  Using these  a r e a s ,  
he forind t h e  f r e s h  s u r f a c e  produced t o  be propor t iona l  t o  the  number of r e v o l u t i o n s  
of the m i l l  over  a r e s t r i c t e d  range of revolu t ions .  When l a r g e  amounts of breakage 
had occurred,  the i n c r e a s e  i n  sur face  a r e a  on f u r t h e r  g r i n d i n g  was less  than t h a t  
pred ic ted  by the  increased  number of r e v o l u t i o n s ;  and R i t t i n g e r ' s  Law d i d  not  hold.  
lisrdgrove a t t r i b u t e d  t h i s  behavior  t o  b lanket ing  of t h e  g r i n d i n g  by the  f i n e s  
produced. He def ined  the  g r i n d a b i l i t y  of a c o a l  i n  terms of t h e  i n c r e a s e  i n  
sur face  a r e a  produced compared t o  t h a t  of t h e  i n c r e a s e  produced on gr inding  a 
s tandard c o a l  t h e  same number of  revolu t ions ,  60 r e v o l u t i o n s  be ing  chosen a s  a 
s tandard c o n d i t i o n .  Hardgrove l a t e r  found t h a t  t h e r e  was an empir ica l  r e l a c i o n  
between the  g r i n d a b i l i t y  d e f i n e d  i n  t h i s  manner, and the p e r  c e n t  by weight of c o a l ,  
p ,  passing a 200 m e s h  s i e v e ,  t he  r e l a t i o n  be ing  

Hardgrove Index = 1 3  + 3.465 p. (1) 
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Romer (7)  at tempted t o  overcome some of  t h e  obvious o b j e c t i o n s  t o  H a r d -  
gxove's work by measuring t h e  s u r f a c e  a r e a s  of ground c o a l s  us ing  an a i r  permeabi l i ty  
method. This method gave t h e  hydrodynamic or -geometr ic  a r e a  of the  p a r t i c l e s .  
Romer found that the g r i n d a b i l i t y  i n d i c e s  c a l c u l a t e d  us ing  t h e  d i r e c t  a r e a  measure- 
ments were cons iderably  d i f f e r e n t  from the  Hardgrove i n d i c e s ,  the  s u r f a c e  a r e a s  
being much h igher  than p r e d i c t e d  f o r  t h e  products  of c o a l s  of  high Hardgrove 
i n d i c e s .  He then showed t h a t  R i t t i n g e r ' s  Law a p p l i e d  when t h e  load  on t h e  m i l l  o r  
t h e  number of revolu t ions  o f  t h e  m i l l  were var ied .  Thus, any n o n - a p p l i c a b i l i t y  of  
R i t t i n g e r ' s  Law i n  Hardgrove's o r i g i n a l  work was a s c r i b e d  t o  i n a c c u r a t e  s u r f a c e  a r e a  
measurements. Object ions s t i l l  remain t o  t h e  s u r f a c e  a r e a s  obta ined  by Romer. The 
permeabi l i ty  method of a r e a  measurement i s  known to  be i n a c c u r a t e  f o r  a sample of 
mixed s i z e s  i n  which the l a r g e s t  t o  f i n e s t  s i z e  r a t i o  is g r e a t e r  than  3 (8). Romer 
a c t u a l l y  measured samples which c o n s i s t e d  of c o a l  of s i z e  range from one to  44 
microns.  Also, a c e r t a i n  amount of v e r y  f i n e  m a t e r i a l  i s  l o s t  dur ing  t h e  g r i n d i n g  
and s i e v i n g  o p e r a t i o n s ,  and t h i s  s u r f a c e  a r e a  i s  not  included i n  t h e  measured 
a r e a .  . 

Bennet and Brown (2)  argue  t h a t  proofs  of R i t t i n g e r ' s  L a w  f o r  c o a l  a r e  
of l i t t l e  s i g n i f i c a n c e  because t h e  f r e s h  s u r f a c e  a r e a  produced cannot  be measured 
unequivocal 1 y . 

EXPERIMeNTAL PROCEDURES 

C h a r a c t e r i s t i c s  of  Coals used i n  T e s t s  - Four c o a l s  were used, ranging from an 
a n t h r a c i t e  of 4.5% v o l a t i l e  matter t o  a low rank bituminous c o a l  o f  42.5% v o l a t i I e  
m a t t e r  and 6.2% oxygen content .  The a n a l y s e s  were performed on t h e  16 x 30 mesh 
coal* which was t h e  s t a r t i n g  material f o r  a l l  t e s t s .  The proximate and u l t i m a t e  
a n a l y s e s  were c a r r i e d  o u t  accord ing  t o  A.S.T.M. s tandard  procedures .  

P r e p a r a t i o n  o f  Coal Samples - Since  t h e  i n t e r e s t  w a s  i n  the  p r o p e r t i e s  of the  c o a l  
a c t u a l l y  used and n o t  i n  those  o f  t h e  bulk sample suppl ied ,  no s t u d i e s  were made o n  
d i f f e r e n c e s  i n  c h a r a c t e r  between the  bulk  sample and the  f i n a l  sample. The sample 
f o r  use  was prepared from minus 1 / 2 - i n .  m a t e r i a l  by pass ing  i t  through a jaw- 
c r u s h e r  fol lowed by a d i s c  m i l l  and s i e v i n g  out  the 16 x 30 mesh f r a c t i o n  on a 
Rotap s i e v i n g  machine. The 16 x 30 mesh f r a c t i o n  was removed a f t e r  each pass  
through t h e  jaw c r u s h e r  o r  d i s c  m i l l .  
t o  be almost  f r e e  from adher ing  f i n e s  or agglomerates .  
spread  on t r a y s  i n  a t h e r m o s t a t i c a l l y  c o n t r o l l e d  ( t o  t 0.5-C ) l a b o r a t o r y  and 
al lowed t o  reach e q u i l i b r i u m  w i t h  t h e  atmosphere. Grinding and weighing were 
performed i n  t h i s  l a b o r a t o r y .  

Grinding of  Coal - The c o a l s  were ground i n  a s tandard  Hardgrove t e s t  machine 
accord ing  t o  t h e  A.S.T.M. s tandard  method (9), both t o  measure t h e  g r i n d a b i l i t y  and 
t o  provide s u f f i c i e n t  f r a c t i o n s  of material f o r  sur face  a r e a  measurement. Two o f  
the c o a l s  were a l s o  ground f o r  v a r y i n g  r e v o l u t i o n s  of  t h e  machine, ranging  from 3 
revolu t ions ,  t o  140  r e v o l u t i o n s .  In e v e r y  t e s t ,  50 g. of c o a l  were charged to t h e  
machine and t h e  product  s ieved,  as d e s c r i b e d  below. 

Microscopic examinat ion showed t h e  sample 
Before use,  t h e  c o a l s  were 

S iev ing  of  the  Ground Coal - It was cons idered  e s s e n t i a l  t h a t  good Derfo-ce o f  
s i e v i n g  he obta ined;  t h e r e f o r e ,  a s t a n d a r d  procedure 
each c a s e .  The m a t e r i a l  from t h e  ' m i l l  was c a r e f u l l y  
s i e v e  o f  a series of 6 sieves (16 mesh to  120 mesh). 

- .  
w a s  c a r e f u l l y  fol lowed i n  
brushed o u t  i n t o  t h e  top 
The s i e v e s  were shaken in 

I 

.l 

* A l l  sieve numbers r e f e r  t o  U.S. s t a n d a r d  mesh. 

4 
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a Rotap s i e v i n g  machine f o r  10 minutes, t h e  material through 1 2 0  mesh removed, t h e  
s i e v e  cleaned i f  necessary,  and the  s i e v e s  reshaken f o r  f i v e  minutes .  
repea ted  f o r  f i v e  minute  i n t e r v a l s  u n t i l  t h e  amount of  minus 120  mesh m a t e r i a l  
coming through w a s  small. (A t o t a l  s i e v i n g  time of  25 minutes  w a s  always s u f f i c i e n t ) .  
The same procedure w a s  then followed using t h e  minus 120 mesh material i n  a n o t h e r  
s e r i e s  of  6 s i e v e s  (120 t o  325 mesh). The s i e v e s  requi red  c l e a n i n g  m o r e  f r e q u e n t l y  
and a maximum s i e v i n g  time of 35 minutes w a s  sometimes r e q u i r e d .  Cleaning w a s  
c a r r i e d  o u t  by s e p a r a t i n g  the  s i e v e s  a s m a l l  amount, i n s e r t i n g  a brush and brushing  
the  underside o f  t he  top screen.  The c o l l e c t e d  s i e v e  f r a c t i o n s - w e r e  weighed to t h e  
n e a r e s t  0.01 g. 

This was 

It w a s  found t h a t  t h i s  series of m u l t i p l e  s i e v i n g s  gave weight l o s s e s  
o u t s i d e  of t he  t o l e r a n c e  given i n  t h e  A.S.T.M. standard.  Therefore ,  f o r  s tandard  
Hardgrove Index de termina t ions ,  the ground c o a l  w a s  s ieved  through a 200 mesh 
s i e v e  o n l y  and t h e  m u l t i p l e  s i e v i n g  performed a f t e r  t h e  i n i t i a l  weighings. When 
t h i s  was done, 
t o l e r a n c e ;  and i f  t h e  weight  l o s s  i n  t h e  m u l t i p l e  s i e v i n g  was assumed to b e  o f  
m a t e r i a l  below 200 mesh, t h e  Hardgrove Index was t h e  same as t h a t  f o r  t h e . s i n g l e  
s i ev ing ,  wi th in  the  - t o l e r a n c e  a l lowable  (C 2%). 

t h e  weight l o s s  i n  the s i n g l e  s i e v i n g  o p e r a t i o n  was w i t h i n  

When t h e  c o a l  w a s  ground f o r  a few r e v o l u t i o n s  o n l y  and t h e  amount of 
f i n e  m a t e r i a l  formed w a s  small, t he  minus 120 mesh material  w a s  s ieved  through 
ta red  3 inch  d iameter  s i e v e s .  The c o a l  sample p lus  s i e v e  was then weighed d i r e c t l y  
t o  t h e  n e a r e s t  5 mi l l ig rams 

Surface-Area Shape Fac tors  and Apparent Densi ty  of Coal F r a c t i o n s  - The shape 
f a c t o r s  and d e n s i t i e s  of  ground coa l  f r a c t i o n s  were determined a s  descr ibed  i n  a n  
earlier paper (10 ) .  

S ize  D i s t r i b u t i o r s o f  Sub-Sieve F r a c t i o n s  o f  Ground Coal - To extend  the  cumulat ive 
weight versus  s i e v e  s i z e  to  sub-sieve s i z e  p a r t i c l e s ,  0.5 .g. of t h e  minus 325 mesh 
f r x t i J n  was sedimented into a f i n e  and a c o a r s e  f r a c t i o n  and microscope s i z i n g  
c a r r i e d  o u t  on  each  f r a c t i o n .  The "sinks" obta ined  a f t e r  r e p e a t e d  sedimentat ion 
w i r h  d 1!2 hour s e t t l i n g  per iod  were found t o  be f r e e  from any a p p r e c i a b l e  q u a n t i t y  
.:E f i n e  material. The " f l o a t s "  were f i l t e r e d ,  d r i e d  and weighed. S l i d e s  of each 
f r a c t i c n  were prepared and microscopic  counts  were performed on each  f r a c t i o n ,  as  
descr ibed  i n  an e a r l i e r  paper (11). The magni f ica t ions  used were x 100 on t h e  
" s inks"  and x 600 on the " f loa ts" .  The s ink  n a t e r i a l  had microscope d iameters  
m?in!y f rom 10 t o  80 microns i n  s i z e ,  and the f l o a t  material  ranged i n  s i ze  from 
l e s s  t h i n  0.8 microns t o  about 2 0  microns. A cumulat ive.weight  a g a i n s t  s i z e  
d i s t r i h u t i o n  was c a l c u l a t e d  ( see  theory)  f o r  each f r a c t i o n ;  and s i n c e  t h e  r e s p e c t i v e  
weight of each f r a c t i o n  was known, a combined d i s t r i b u t i o n  could  be c a l c u l a t e d .  
Yicroscope diameters  were converted t o  s i e v e  s i z e s  us ing  t h e  c o r r e l a t i o n  found 
previous ly  (11). 

THEORY 

Calcula t ion  of  Weight Versus Sieve S ize  D i s t r i b u t i o n s  f o r  Sub-sieve Coal F r a c t i o n  
from Microscopic Measurements - From microscopic  count  measurements, t h e  
cumulat ive per  c e n t  n m b e r  of p a r t i c l e s ,  N, below a given microscope s i z e  w a s  
determined a s  a smooth f u n c t i o n  of microscope s i z e ,  de. 
de3, t he  percentage  weight p below a given size de w a s  ob ta ined  g r a p h i c a l l y  

By p l o t t i n g  N a g a i n s t  
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P\ = ( 2) 

0 f 2 d d  

This assumes, of  course,  t h a t  the  weight of a p a r t i c l e  i s  propor t iona l  t o  t h e  
cube of i t s  microscope diameter ,  bu t  t h i s  assumption appears  t o  be j u s t i f i e d  (12). 
The microscope s i z e  was then conve r t ed  t o  s i e v e  s ize  by d i v i d i n g  by 1.68 (11). 

Compilation of Accurate Sieve S i z e  Versus Percentage Weight Undersize Curves - 
When experimental  r e s u l t s  of weight  versus  s ize  f o r  varying revolu t ions  w e r e  
p l o t t e d ,  t h e  r e s u l t s  were n o t  ve ry  c o n s i s t e n t .  This w a s  due t o  t h e  inherent  
v a r i a b i l i t y  of the  gr inding  and s i e v i n g  o p e r a t i o n s  and i n a c c u r a c i e s  i n  s i e v e  
s i z e s .  The r e s u l t s  were made more c o n s i s t e n t  by C ~ S S  p l o t t i n g  t h e  percentage 
weight below a given s i z e  a g a i n s t  r e v o l u t i o n s  of gr inding ,  drawing t h e  b e s t  f i t  
cu rve  t o  t h e  p o i n t s ,  and tak ing  v a l u e s  from t h e  cu rve  f o r  a r e p l o t  of weight 
v e r s u s  s i z e .  
which could be e x t r a p o l a t e d  a c c u r a t e l y  t o  sub-sieve s i z e s .  

Sur face  Area Change on Grind ing  - The sur face  a r e a  o f  ground c o a l  was determined 
from t h e  pe rcen tage  weight v e r s u s  s i z e  d i s t r i b u t i o n ,  t h e  va lues  of shape f a c t o r  
k, and the d e n s i t y  of t h e  coa l .  If p is t h e  percentage by weight below s i z e  p, 
then  t h e  experimental  data on s i z e  d i s t r i b u t i o n  may be expressed g r a p h i c a l l y  i n  
the  form, p = F(v), 
area of c o a l  between k1 and p2 is g iven  by 

This  technique was found t o  g i v e  a very c o n s i s t e n t  family of curves,  

As shown (LO),  dS = dp k/pp. Therefore ,  t h e  hydrodynamic 

or 
r 

From t h e  experimental  va lues ,  l o g  p can be p l o t t e d  a g a i n s t  log  p; and p, p, and 
log p may t h e n  be obtained f o r  any va lue  of  k, 
t h i s  size, kp /@ m a y  be p l o t t e d  a g a i n s t  l o g  p and S determined from t h e  area m d e r  
t h e  curve.  

Since k and p are a l s o  hovn f o r  

A l t e r n a t i v e l y ,  i f  
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This is somewhat more convenient as it allows a direct integration between any 
required sieve sizes. 
taking the slope of the log p/log p distribution plot at that point. 
sizes of 200 microns, n was found to be constant. 

The values of n for any value of log p are determined by 
Below sieve 

Over the part of the distribution for which n is a constant 

p = " p  (7 )  

where n and B may be determined from the slopes and intercepts of the cum@. 

Now 

But from ( 7 ) ,  dp/db = wn-' 

When k and p are constant, 

(sq. meters when 1-1 is 
in microns) 

Kick's Law Calculations - Kick's Law may be expressed in the form (13) 

E- 

where E is the energy per unit weight required to 
size w , and C is a constant for a given material 
size w: is broken to a distribution of sizes, the 
weight dp of materfal of size p + d i ~  is given by 

reduce material of size b1 to 
and process. If material of 
energy required to produce a 

, 
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Therefore ,  t h e  t o t a l  energy i s  g i v e n  by 

It can r e a d i l y  be shown that when the e n e r g i e s  requi red  f o r  var ious  s i z e  
reduct ions  from the same s t a r t i n g  m a t e r i a l  a r e  t o  be compared, t h e  p r e c i s e  v a l u e  
of  p is not  too important .  Therefore ,  i t  was assumed t h a t  t h e  1 6  x 30 mesh 
s tar t ing m a t e r i a l  had a m e a n  s i z e  
w e r e  obtained f o r  var ious  r e v o l u t i o k s  of g r i n d i n g  by p l o t t i n g  l o g  900/(~ a g a i n s t  p 
( u s i n g  t h e  a p p r o p r i a t e  s i z e  d i s t r i b u t i o n  of t h e  product)  and i n t e g r a t i n g  
g r a p h i c a l l y .  The a reas  were n o t  s i g n i f i c a n t l y  d i f f e r e n t  when lower s i z e  limits 
of  1 or 0.1 micron were assumed. 

of 900 microns. Comparative va lues  of E 

RESULTS 

Table 1 give1s t h e  a n a l y s e s  of the  c o a l s  t e s t e d .  F igure  1 shows t h e  
s i z e  weight d i s t r i b u t i o n s  of c o a l  B-19447, a f t e r  c o r r e c t i n g  t h e  r e s u l t s  as 
descr ibed  previous ly .  The p o i n t s  i n  F igure  1 are very  c o n s i s t e n t  and t h e  
d i s t r i b u t i o n  curves  can be drawn w i t h  c o n s i d e r a b l e  p r e c i s i o n .  If t h e  s t r a i g h t  
l i n e  p o r t i o n s  of  t h e  curves  a r e  e x t r a p o l a t e d  and the va lues  of  n and B ( s e e  
Equat ion  7) determined, then t n e  r e s u l t s  are a g a i n  very  c o n s i s t e n t ,  as can b e  
seen  from Figure  2. 

Table 2 gives t h e  cumulat ive weight  v e r s u s  microscope s i z e  (and 
corresponding s i e v e  s i z e )  c a l c u l a t e d  us ing  Equat ion (2), expressed both  a s  a 
percentage  of t h e  minus 325 mesh sample t e s t e d  and a s  a c t u a l  weight of  t h e  
minus 325 sample. The weight  l o s s  on g r i n d i n g  (60 r e v o l u t i o n s )  and s i e v i n g  
w a s  0.66 g. p e r  100 g., and i t  w a s  assumed t h a t  t h i s  loss was i n  t h e  v e r y  f i n e  
m a t e r i a l .  It was added, t h e r e f o r e ,  t o  t h e  cumulat ive weight down t o  1.5 microns.  

F igure  3 shows a complete  s i e v e  s ize-weight  d i s t r i b u t i o n  f o r  the  c o a l  
t e s t e d ,  us ing  a f a c t o r  of 1.68 t o  c o n v e r t  microscope s i z e  t o  s i e v e  s i z e  (11). 
It can be  seen  t h a t  over  t h e  range 3 t u  300 microns, t h e  d i s t r i b u t i o n  i s  a 
s t r a i g h t  l i n e  on t h e  l o g - l o g  p l o t .  This  type of d i s t r i b u t i o n  has  been noted 
p r e v i o u s l y  (14,15,16) and extended below s i e v e  s i z e s  by a i r  e l u t r i a t i o n .  
and Ranrmler (17).-used a i r  e l u t r i a t i o n  t o  ex tend  r e s u l t s  t o  sub-s ieve  s i z e s  and 
concluded that t h e  d i s t r i b u t i o n  obeyed t h e  Rosin-Rannnler law. However, f o r  s m a l l  
s i e v e  s i z e s ,  t h e  Rosin-Rammler d i s t r i b u t i o n  becomes t h e  s imple power d i s t r i b u t i o n  
found i n  F igure  3 ,  (In f a c t ,  a s i z e  d i s t r i b u t i o n  of broken c o a l  (18) over a range  
of 0.004 to 5 i n c h e s  which f i t s  a R o s i n - M e r  p l o t ,  a l s o  f i t s  a l o g  p- log u p l o t  
Over most of t h e  same range) .  The d e p a r t u r e  o f  t h e  curve  from the s t r a i g h t  l i n e  
below t h r e e  microns is a lmost  c e r t a i n l y  due t o  t h e  assumption that a l l  of t h e  
weight  l o s s  on gr inding  i s  l e s s  t h a n  1 . 5  microns. The break i n  the  curve sugges ts  
t h a t  the  weighr l o s s  is i n  s i z e s  of'about t h r e e  microns ( s i e v e  s i z e )  and less. 

Rosin 

F igure  4 shows the s u r f a c e  a r e a s  of t h e  ground c o a l  f r a c t i o n s  f o r  c u a l  
B-19447 c a l c u l a t e d  us ing  Equat ions  ( 4 ) ,  (5), and (8). The s u r f a c e  areas were 
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c a l c u l a t e d  assuming t h a t  t h e  s t r a i g h t  l i n e  p a r t  of  t h e  l o g  p versus  l o g  p 
d i s t r i b u t i o n  (F igure  3) could be e x t r a p o l a t e d  t o  a lower l i m i t  of  1, 0.1, o r  0 - 0 1  
micron. I t  was a l s o  assumed t h a t  t h e  shape f a c t o r  ( a  c o n s t a n t  i n  t h e  range from 
40 to  600 microns (10)) w a s  c o n s t a n t  down t o  the lower s i z e  l i m i t .  It is c l e a r  
t h a t  t h e  lower s i z e  l i m i t  which i s  chosen cons iderably  a f f e c t s  t h e  a b s o l u t e  v a l u e  
of the s u r f a c e  a r e a .  The curve  is a s t r a i g l i t  l i n e  when a lower  s i z e  l i m i t  o f  
about 1 micron i s  used. For t h e  lower s i z e  l i m i c s  of  0.1 and 0.01 micron, t h e  
a r e a  i n c r e a s e s  more w i t h  r e v o l u t i o n s  of  g r i n d i n g  than  R i t t i n g e r ' s  Law would 
p r e d i c t .  Another f e a t u r e  of  i n t e r e s t  i s  ttiat the  e x t r a p o l a t i o n  of t h e  curves  t o  
zero  r e v o l u t i o n s  g i v e s  an i n i t i a l  s u r f a c e  a r e a  of unground m a t e r i a l  of  1 .2  m." /100  g. 
whereas the a c t u a l  unground s u r f a c e  a r e a  i s  0.8 m.2/100 g ,  
i n i t i a l  small amount of  gr inding  produces 0.4 m . 2  of s u r f a c e  a r e a  p e r  100 g. i n  
addi t ior .  to  t h e  0.117 m.2/100 g . / r e v o l u t i o n  produced f o r  t h e  remainder of  t h e  
gr i n d i n  g p roc e s s . 

It appears  t h a t  an 

F igure  5 shows t h e  s u r f a c e  a r e a  change w i t h  gr inding  f o r  coa.1 B-17790, 
&ere  b lcwer  l i m . i t  c f  1 micro2 has been used. 
1C.3 p., i t  s p p e a r s  t h a t  the  i n c r e a s e  i n  s u r f a c e  a r e a  i s  no l o n g e r  propor t iona l  t o  
the revnlu!:ons o f  gr inding .  E x t r a p o l a t i o n  of t h e  s t r a i g h t  l i n e  p o r t i o n  of t h e  
curve 50 zero r e v c l u t i o a s  a g a i n  i n d i c a t e s  a n  i n i t i a l  a r e a  o f  1.2 m.2/100 g. i n s t e a d  
of  the expected va lue  of 0.8 m.*/100 g. 

A f t e r  an i n c r e a s e  t o  about 1 6  m . 2 /  

Table 3 g i v e s  the  s u r f a c e  a r e a s  from 1 micron t o  1190 microns f o r  the  
four  c o a l s  ground accord ing  t o  the s tandard  Hardgrove t e s t  and a l s o  g ives  t h e  
i n c r e a s e  i n  s u r f a c e  a r e a s  on gr inding .  F c r  c o a l  B-19426 and t h e  S t .  Nicholas 
s n t h r a c i t e ,  the  r e s u l t s  a r e  based o n  measurements a t  60 r e v o l u t i o n s  only ;  t h e  
c r o s s  p l c t t i n g  technique w a s  no t  used as t h e  d a t a  were n o t  a v a i l a b l e .  

Figure 6 g i v e s  t h e  i n c r e a s e  i n  E (Equation 11) wi th  r e v o l u t i o n s  of 
gr inding  f o r  c o a l  8-19447. It can be seen  t h a t  E i s  not  p r o p o r t i o n a l  t o  
r e v o l u t i c n s  of  g r i n d i n g  over  wide ranges of gr inding .  Therefore ,  K i c k ' s  Law d o e s  
rep appear  to  hold  f o r  g r i n d i n g  i n  accordance wi th  t h e  s t a n d a r d  Hardgrove test. 

DISCUSSION OF RESIJLTS 

R i t t i n g e r ' s  Law cz.nnot i n  gen5ra l  be t r u e ,  which can be seen i f  a n  
ex t rexe  C ~ S E  i s  cons idered  a s  fol lows.  
which hqve such s t r e n g t h  t h z t  the  g r i n d i n g  f o r c e s  imparted by t h e  machi- do n o t  
exceed t h i s  s t r e n g t h .  
bur  the ma.teria1 does z o t  have an i n f i n i t e  s t r e n g t h ,  s i n c e  a h e a v i e r  machine would 
: :.>jute breakage. .I: n3 change of s t a t e  of the  m a t e r i a l  occurs ,  then  t h e  energy 
input  i s  d i s s i y s t e d  ir .a v a r i e t y  3f ways. -%ere w i l l  b e  t h e  l o s s  of energy a s  
f:icci.mal sl i.p over  t h e  s u r f a c e  o f  t h e  ground material. Also,  p a r t i c u l a r l y  f o r  
ti.1 I n i l  1 3 ,  f o r c e s  w i l l  b e  t r a n s m i t t e d  through t h e  m2.terial t o  d e l i v e r  blows on 
t.he .n:L1 s t r u c t u r e ;  and energy w i l l  be l o s t  a s  h e s t  of  impact and i q a c t  waves. 
13. k t h  cf  t h e s e  cases ,  t h e  energy f i n a l l y  appears  mainly a s  h e a t .  I n  a d d i t i o n ,  
when t h e  ground mterirl f r a c t u r e s ,  energy w i l l  be  used t o  break f o r c e  bonds 
a c r o s s  the  f r e s h  s u r f a c e  produced and to  form i n t e r n a l  c r a c k s  and f laws.  Energy 
w i l l  a l s o  be l i b e r a t e d  as h e a t  of f ra .c ture .  

' L e t  a g r i n d i n g  machine be gr inding  p a r t i c l e s  

Work w i l l  be  dcce wi thoui  t h e  product ion  of f r e s h  sur face ,  

The prccess  o f  f r a c t u r e  may be l o o s e l y  descr ibed  i n  t h e  fo l lowicg  
aanaer .  When a p a r t i c l e  of  c o a l  i s  crushed  i t  must  be r a i s e d  t o  a s t r a i n e d  s t a t e  
beeore i t  Erac tures .  (This,, i n  e f f e c t ,  i s  an a c t i v a t i o n  energy f o r  c rush ing) .  
Energy i s  i n p a r t e d  by t h e  g r i n d i n g  f o r c e s  which are a p p l i e d  o v e r  dis tz tnces  
ccrrespqnding t o  t h e  d e f o m u t i o n  of  t h e  p a r t i c l e .  The c o a l  then  breaks  a t  a f l a w  
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o r  s e r i e s  of  f laws  i n  the  m a t e r i a l ,  deformation is removed, and f r a c t u r e  waves 
propagate  through t h e  c o a l  producing f r e s h  s u r f a c e  ( 1 9 ) .  The excess  energy  of 
t h e  f r a c t u r e  waves and t h e  energy r e l e a s e d  on t h e  r e l a x a t i o n  of d e f o n r a t i o n  
appear  e v e n t u a l l y  as h e a t  of f r a c t u r e .  

From the above d i s c u s s i o n  i t  wmrld appear  u n l i k e l y  t h a t  t h e r e  would 
be a s imple  r e l a t i o n  between t h e  f r e s h  s u r f a c e  produced and t h e  t o t a l  energy  i n p u t  
to t h e  gr inding  process ;  t h e r e  a r e  so many d i f f e r e n t  ways i n  which the  energy can 
be d i s t r i b u t e d .  It seems p l a u s i b l e ,  however, t o  assme t h a t  under c e r t a i n  
c o n d i t i o n s  t h e  energy l o s t  as f r i c t i o n a l  s l i p  and impact i s  a f i x e d  f r a c t i o n  of :he 
t o t a l  inpa t .  Fresh internal area d o e s  n o t  seem t o  be produced; except ,  perhaps, i n  
d i r e c t  p ropor t ion  to the  e x t e r n a l  area ( 2 0 ) .  A f r a c t u r e  wave w i l l  propagate  u n t i l  
i t  reaches  a f r e e  s u r f a c e  and i t  w i l l  no t  end w i t h i n  t h e  m a t e r i a l .  (Gross  and 
Z i m m e r l y  (21 )  found t h a t  f o r  q u a r t z ,  i n t e r n a l  area v1-s broken o u t  on g r i n d i n g  and 
impact c rush ing ,  r z t h e r  t h a n  i n c r e a s e d ) .  Thus, i f  the  energy used to  produce 
f r e s h  s u r f a c e  i s  a f ixed  p r o p o r t i o n  o f  t h e  s t r a i n  energy,  which i n  t u r n  i s  a f i x e d  
f r a c t i o n  o f  t h e  total  energy i n p u t ,  R i t t i n g e r ' s  Law would hold. 
t h e  s u r f a c e  t o  s t r a h  energy r e l a t i o n  f u r t h e r ,  a d i s t i n c t i o n  can be made bemeen 
t h e  "s t rength"  of a am1 and i t s  "hardness". 
d e f i n e d  a s  t h e  s t r a i n  energy r e q u i r e d  before  a p a r t i c l e  f r a c t u r e s  (which i s  a 
f u n c t i o n  of t h e  type of  f o r c e s  impar t ing  t h i s  energy t o  t h e  p a r t i c l e ) .  
hardness  i s  a r b i t r a r i l y  d e f i n e d  as t h e  s t r e n g t h  of s u r f a c e  bonds i n  t h e  material. 
C l e a r l y  two p a r t i c l e s  may have t h e  same composi t ion and hence t h e  same hardness  
b u t  may have wide ly  d i f f e r e n t  s t r e n g t h s ,  i f  one i s  h i g h l y  flawed and t h e  o t h e r  no t .  

Consider  two such p a r t i c l e s  of  similar "hardness" but  d i f f e r e n t  

To i n v e s t i g a t e  

The s t r e n g t h  i s  h e r e  a r b i t r a r i l y  

The 

s t r e n g t h s .  The s t r o n g e r  one w i l l  r e q u i r e  t h e  a d d i t i o n  of more energy t o  f r a c t u r e  
it, b u t  it seems p o s s i b l e  t h a t  on f r a c t u r e  i t  w i l l  b reak  i n t o  many smaller p ieces .  
On t h e  o t h e r  hand, t h e  weaker p a r t i c l e  w i l l  break more r e a d i l y  wi th  a lower energy 
c o n t e n t  b u t  w i l l  b reak  in to  f e w e r  p i e c e s  w i t h  cor respondingly  lower f r e s h  s u r f a c e .  
S imi la r ly ,  a l a r g e  impulsive f o r c e  of low energy a p p l i c a t i o n  might  cause  breakage 
with small a r e a  product ion;  whereas  a s m a l l e r  f o r c e  a p p l i e d  f o r  a much l o n g e r  t i m e  
and deformation would produce a l a r g e r  s u r f a c e  area on eventua l  s h a t t e r .  Thus it 
is ;ossiEle  t h a t  p a r t i c l e s  o f  e n t i r e l y  d i f f e r e n t  s t r e n g t h s ,  and hecce p r o b a b i l i t i e s  
of breakage, have brf-akage f u n c t i o n s  which a u t o m a t i c a l l y  compensate, so t h a t  t h e  
f r a c t i o n  of t h e  strain energy  which i s  used to  produce f r e s h  s u r f a c e  i s  c o n s t a n t .  
Bickle (22) staces t h a t  t h i s  has been cons idered  t h e o r e t i c a l l y ,  b u t  g i v e s  no 
r s f e r e n c e  t o  such s t u d i e s .  Such a concept  would go p a r t  way toward e x p l a i n i n g  the  
v a l . i d i t y  o f  R i t t i n g e r ' s  Law w i t h  p r o g r e s s i v e  gr inding,  a l though t h e  s t r e n g t h  of  
c r v l  ? a r t i c l e s  is ham t o  v a r y  w i t h  s i z e  (23 ,24 )  and degree of  gr inding.  
concept  i m p l i e s  that g r i n d a b i l i t y  i n d i c e s  based on sur face-area  i n c r e a s e  measure 
a parameter  p r o p o r t i o n a l  to h a r d n e s s  r a t h e r  than a combined e f f e c t  of hardness  
and s t r e n g t h .  I t  is i n t e r e s t i n g  to  see t h a t  t h e r e  is a pronounced c o r r e l a t i o n  
between g r i n d a b i l i t y  i n d i c e s  and t h e  Vickers Microhardness t e s t  (25). 

This  

A s  p a r t i c l e s  become smaller and s t r o n g e r  ( i n  comparison tu t h e i r  s i z e )  
on g r i n d i n g  due t o  t h e  breaking  o u t  of f l a w s ,  they may e v e n t u a l l y  reach a s t a g e  
where the c r u s h i n g  f o r c e s  of t h e  machine are i n s u f f i c i e n t  to  c a u s e  much breakage. 
Grinding exper ience  i n d i c a t e s  t h a t  i t  i s  extremely d i f f i c u l t  t o  reduce a n t h r a c i t e  
b e l o w  0.1 t o  1 micron i n  s i z e  i n  convent iona l  g r i n d i n g  appara tus .  
p o s t u l a t e d  t h a t  somewhere near t h i s  s i z e  range the major flaw s t r u c t u r e  of  t h e  
c o a l  has been completely broken o u t  and t h a t  g r i n d i n g  is more d i f f i c u l t  by an 
o r d e r  of magnitude o r  more. V a n  Krevelen ( 2 6 )  s t a t e s  t h a t  Boddy found c o a l  
p a r t i c l e s  to  be i n i t i a l l y  c rushed  to 1 micron i n  s i z e .  A s  t h e  s u r f a c e  a r e a  of 
t h i s  material i s  o f  t h e  same o r d e r  as t h e  macmpore a r e a  of  unground c o a l ,  V a n  
Krevelen s u g g e s t s  t h a t  breakage to  1 micron i s  favored  by the  macropore system. 
For  smaller p a r t i c l e s ,  the c o a l  t e n d s  t o  p l a s t i c a l l y  deform r a t h e r  than fracture; 

It may b e  
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t h i s  impl ies  much g r e a t e r  s t r e n g t h  and a low g r i n d a b i l i t y .  
hypothes is  i s  t h a t  agglomerates  of  f i n e  p a r t i c l e s  tend t o  t r a p  air and on g r i n d i n g  
behave somewhat l i k e  m i n i a t u r e  ba l loons .  The c rushing  f o r c e  i s  a p p l i e d  t o  t h e  
"balloon" and t h e  energy i s  expended i n  compressing t h e  conta ined  gas .  
g r inding  i n  l i q u i d  media, t h e  f l u i d  i s  incompress ib le  and t h e  f o r c e s  a r e  
imparted to  t h e  c o a l  p a r t i c l e s ;  i t  i s  w e l l  known t h a t  l i q u i d  g r i n d i n g  can be used 
t o  produce very  f i n e  s i z e s .  

An a l t e r n a t i v e  

For 

I n  s p i t e  of t h e  t h e o r e t i c a l  o b j e c t i o n s  t o  R i t t i n g e r ' s  Law, t h e r e  i s  
cons iderable  evidence t h a t  under a r e s t r i c t e d  range o f  c o n d i t i o n s  t h e  Law is 
c l o s e l y  obeyed. The c o r r e l a t i o n  of  t h e  i n c r e a s e  i n  s u r f a c e  area with g r i n d i n g  
obta ined  i n  t h i s  work is not conclus ive ,  s i n c e  the.  lower  s i z e  l i m i t  chosen f o r  
t h e  i n t e g r a t i o n  t o  o b t a i n  s u r f a c e  a r e a  i s  r a t h e r  a r b i t r a r y .  
of the  f i n e  f r a c t i o n s  of ground coa l  i n d i c a t e d  t h a t  material below 1 micron in 
s i z e  was n o t  p r e s e n t  i n  l a r g e  q u a n t i t i e s ,  a l though t h e r e  s t i l l  remains t h e  
ques t ion  of t h e  f i n e n e s s  of  t h e  m a t e r i a l  making up t h e  weight  l o s s  on gr inding  
and s iev ing .  
conclude t h a t  c o a l s  ground i n  t h e  normal manner had few p a r t i c l e s  of less than 
about  1 micron i n  s i z e .  
t h a t  m a t e r i a l  l e s s  than 1 micron i s  a b s e n t  b u t  r a t h e r  that 1 micron r e p r e s e n t s  
an e f f e c t i v e  lower l i m i t  f o r  t h e  s t r a i g h t  l i n e  l o g  p / l o g  p d i s t r i b u t i o n  
e x t r a p o l a t e d  from t h e  s i e v i n g  r e s u l t s .  The s t r i c t  l i n e a r i t y ,  over  a f a i r l y  wide 
range of  gr inding ,  of t h e  r e s u l t s  p l o t t e d  i n  F igure  4 f o r  t h e  1 micron lower l i m i t  
would h a r d l y  occur  by co inc idence ;  and i t  must be concluded t h a t  t h e  evidence f o r  
t h e  accuracy o f  R i t t i n g e r ' s  Law i s  q u i t e  s t rong .  

Microscopic s t u d i e s  

From e l e c t r o n  micrographs of ground c o a l ,  Pres ton  and Cuckow (27) 

By tak ing  a lower l i m i t  of 1 micron, i t  i s  not  assumed 

Figure  7 shows t h e  Hardgrove G r i n d a b i l i t y  I n d i c e s  o f  a number of  
G r i t i s h  c o a l s  (15) and t h e  f o u r  c o a l s  t e s t e d  i n  this work, as a func t ion  of a 
rank index (10). It i s  c l e a r  t h a t  t h e  g r i n d a b i l i t y  c h a r a c t e r i s t i c s  of a coal 

. axe c l o s e l y  a l l i e d  t o  i t s  rank. Although t h e  B r i t i s h  c o a l s  (because they are of 
one geologica l  e r a )  might  be expected t o  form a f a i r l y  c o n s i s t e n t  p a t t e r n ,  the 
c<:a.ls used i n  o u r  experiments  f i t  t h e  mean l i n e  wi th  a s  good a n  accuracy a s  t h e  
B r i t i s h  c o a l s .  Devia t ions  from t h e  mean l i n e  a r e  q u i t e  c o n s i d e r a b l e  i n  some 
iTs tances .  more tha.n would be exoected by experimental  e r r o r  o f  de te rmina t ion  of - .  

O K  Hnrdgrove I n d e x .  This may be due t o  s e v e r a l  causes :  

L r e  minera l  m z t t e r  of  a c o a l  might cons iderably  i n f l u e n c e  its g r i n d a b i l i t y .  

G z i n d a b i l i t y ,  as rneasured by t h e  Hardgrove Index, might  no t  be an a c c u r a t e  
r e p r e s e n t a t i o n  of t h e  g r i n d i n g  s t r e n g t h  o f  t h e  c o a l .  

Di f fe rences  i n  t h e  amounts of macera ls  p r e s e n t  i n  t h e  c o a l  might cause  
c o n s i d e r a b l e  change i n  s t r e n g t h .  

The g r i n d a b i l i t y  might be inf luenced  by f a c t o r s  which do n o t  depend c l o s e l y  
on rank, f o r  example f law s t r u c t u r e .  

-I 

A t  t h e  moment, i t  i s  only p o s s i b l e  to d i s c u s s  cause  (b) w i t h  knowledge 
obta ined  from o u r  own r e s u l t s .  F igure  8 shows t h e  p e r  c e n t  by weight less than 
200 mesh p l o t t e d  a g a i n s t  s u r f a c e  area f o r  vary ing  r e v o l u t i o n s  f o r  c o a l s  E-19447 
and 5-17790. C l e a r l y  t h e  i n c r e a s e  i n  s u r f a c e  area i s  n o t  r e l a t e d  t o  pzo0 Ln t h e  
form of Equat ion (1). The s u r f a c e  area is n o t  l i n e a r l y  p r o p o r t i o n a l  to p f o r  
c o a l  B-17790, a l though a s t r a i g h t  l i n e  could  b e  dravn w i t h  a f a i r  degree caf 
accuracy.  

F igure  9 shows p200 p l o t t e d  a g a i n s t  i n c r e a s e  i n  s u r f a c e  area f o r  t h e  
f o u r  c o a l s  ground f o r  6 0  s t a n d a r d  r e v o l u t i o n s ,  and i t  also shows t h e  Hardgrove 
Index as a f u n c t i o n  o f  s u r f a c e  area i n c r e a s e .  It can be seen  t h a t  t h e  Hardgrove 
Index is  n o t  p r o p o r t i o n a l  t o  t h e  i n c r e a s e  i n  s u r f a c e  area. (Surface  seas used are 
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those  c a l c u l a t e d  on t h e  assumptions that t h e  shape f a c t o r  is c o n s t a n t  over the 
range  1 t o  1190 microns and t h a t  1 micron i s  a n  e f f e c t i v e  lower limit; i t  has only 
been shown t h a t  t h e  shape f a c t o r  i s  c o n s t a n t  o v e r  t h e  range of 40 to 600 microns 
(10) ) .  

From Figure  9 i t  can be seen that the i n c r e a s e  i n  s u r f a c e  area is 
p r o p o r t i o n a l  t o  p200 only  t o  a degree of accuracy  of about  ?: 10%. This is o f  t h e  
same o r d e r  as t h e  d e v i a t i o n s  of  Hardgrove Index va lues  from t h e  b e s t  f i t  curve  i n  
F i g u r e  7, and i t  is  p o s s i b l e  t h a t  p a r t  o f  the  d e v i a t i o n s  are caused by the  Hard- 
Grove Index (which depends on ~ 2 ~ ~ )  n o t  being an a c c u r a t e  r e p r e s e n t a t i o n  of  the  
i n c r e a s e  i n  s u r f a c e  a rea .  This i s  p a r t i c u l a r l y  l i k e l y  to be t r u e  where a c o a l  
f r a c t u r e s  t o  g i v e  products  w i t h  an abnormal shape f a c t o r ,  f o r  i n  t h i s  case two 
c o a l s  might have very s i m i l a r  s i z e  d i s t r i b u t i o n s  on g r i n d i n g  but  would have 
cons iderably  d i f f e r e n t  s u r f a c e  areas. 

C a l l c o t t  (28) a rgues  t h a t  t h e  i n c r e a s e  i n  s u r f a c e  on g r i n d i n g  is of  
l i t t l e  s i g n i f i c a n c e  i n  p r a c t i c a l  g r i n d i n g  s t u d i e s .  H e  ana lyzes  the  problem of 
g r i n d i n g  i n  t h e  fol lowing manner: Given d i f f e r e n t  s i z e d  f e e d s  i n t o  a g r i n d i n g  
machine, what w i l l  be t h e  s i z e  d i s t r i b u t i o n s  of  t h e  products?  Or i f  d i f f e r e n t  
machines o p e r a t e  wi th  d i f f e r e n t  s i z e  feeds ,  how much of the  d i f f e r e n c e  i n  
products  i s  due t o  the  d i f f e r e n t  feed  s i z e s  and how much is  due t o  d i f f e r e n c e s  
caused by t h e  machines? 
preference  t o  t h e  Hardgrove Index ( t h i s  was  a l s o  suggested by F r i s c h  and Holder 
(29) ) .  
j u s t i f i e d  the  use of  any index except  a s imple index o f  breakage def ined  by p. 
The s i g n i f i c a n c e  of  t h e  g r i n d a b i l i t y  index p may be s t a t e d  i n  these  terms: I f  
a c e r t a i n  c o a l  produces 10 p e r  c e n t  of m a t e r i a l  below 200 mesh i n  t h e  s tandard  
Hardgrove t e s t  and another  c o a l  produces 2 0  p e r  cent ,  then i t  i s  Like ly  that on 
g r i n d i n g  in a n  i n d u s t r i a l  m i l l ,  t h e  f i r s t  c o a l  w i l l  have approximately half t h e  
throughput  of minus 200 mesh m a t e r i a l  ob ta ined  with t h e  second. 

C a l l c o t t  sugges ts  us ing  p a s  an Index of g r i n d a b i l i t y  i n  

He does n o t  b e l i e v e  t h a t  t h e  work on s u r f a c e  a r e a  i n c r e a s e  dur ing  g r i n d i n g  

Thus,, it would appear  t h a t  pzo0 is  a b e t t e r  index of g r i n d a b i l i t y  than 
t h e  Hardgrove Index, bo th  f o r  t h e  reasons  given by C a l l c o t t  and because i t  i s  
a b e t t e r  index of s u r f a c e  area i n c r e a s e .  
of  pZoe, i f  i t  i s  borne i n  mind t h a t  a Hardgrove Index of 13 r e p r e s e n t s  z e r o  
produc i o n  o f  f r e s h  sur face .  For s c i e n t i f i c  work i t  i s  recommended that t h e  
index  used should b e  t h e  i n c r e a s e  i n  s u r f a c e  area p e r  r e v o l u t i o n  of  g r i n d i n g  
(over  t h e  range i n  which l i n e a r i t y  i s  o b t a i n e d ) .  

The Hardgrove Index may be used i n s t e a d  

CONCLUSIONS 

The l o g  p versus  l o g  IJ s t r a i g h t  line p o r t i o n s  of t h e  d i s t r i b u t i o n s  
found f o r  c o a l s  ground accord ing  t o  t h e  Hardgrove test  can be  e x t r a p o l a t e d  t o  a t  
l e a s t  3 microns s i e v e  s i z e .  The weight  loss on g r i n d i n g  appears  to b e  mainly 
m a t e r i a l  of l e s s  than 3 microns s i e v e  s i z e .  

For  t h e  two c o a l s  t e s t e d  a t  v a r y i n g  r e v o l u t i o n s  of  gr inding ,  a 
n e g l i g i b l e  amount of  g r i n d i n g  produced about  0.4 ~1.~/100 g. of  f r e s h  geometr ic  
s u r f a c e ;  bu t  a f t e r  t h i s  i n i t i a l  abnormal i n c r e a s e ,  t h e  i n c r e a s e  i n  s u r f a c e  a r e a  
w a s  p r o p o r t i o n a l  t o  the r e v o l u t i o n s  of  g r i n d i n g  up t o  the  c o n d i t i o n  of a t  l e a s t  
20% of t h e  m a t e r i a l  through a 200 mesh s i e v e .  This was true when a lower 1Mt 
of s i z e  of about  1 micron w a s  used to c a l c u l a t e  the  s u r f a c e  a rea .  Kick's Law 
d i d  not  apply.  
approximately p r o p o r t i o n a l  t o  the i n c r e a s e  i n  s u r f a c e  area on gr inding .  More 
p r e c i s e  va lues  of s u r f a c e  area i n c r e a s e  per r e v o l u t i o n  o f  g r i n d i n g  w i l l  be  
obta ined  i n  f u t u r e  work, and t h e s e  v a l u e s  compared t o  the  rank  of the  c o a l s  used. 

The percentage  of m a t e r i a l  p a s s i n g  a 200 mesh s i e v e  is v e r y  
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Inc rease  i n  
Sur face  Area 
m.2/100 g.  

I 

&&-Index 
of  coal 

% C - 8.5 X H 

1 . Coal 

E-19447 

B-17790 

5-19426 

S t .  Nicholas 
a n t h r a c i t e  

1 Const i tuent  

52 

93 

99 

30 

Moisture 

Ash 

Carbon 

Hydrogen 

Nitrogen 

Su l fu r  

Oxygen (by 
d i f f e rence )  

(D.A. F.)  
V o l a t i l e  Mat te r  

Shape Fac to r  (k) 
Hardgrove 

G r i n d a b i l i t y  Index 

TABLE 1 

ANALYSES OF COAL USED 

B-19447 

As used,% 

1.5 

16.5 

65.3(83.5)* 

4.7(5.9)* 

1.1 

4.5 

6.2 

42.4 

9.6 

52 

B-17790 

A s  used,% 

0.8 

7.8 

78.8 (87.6)r 
4.8 (5 . l )*  

1 . 5  

1 .6  

4.7 

29.2 . 
8 .0  

93 

B-19426 

A s  used,% 

0.5 

14 .5  

75.2(90.6)* 

3.9 ( 4 . 5 )  * 
1 .5  

1 . 8  

2 . 6  

17.9 

7.2 

99 

St. Nicholas 
Anthrac i te  

As used,% 

1.6 

9.3 

84.2(95.5)* 

2.4(2.2)* 

0.85 

0.5 

1.1 

4.5 

9.3 

30 

* Parr's b a s i s  

TABLE 3 

HYDRODYNAMIC SURFACE AREAS OF COALS GROUND ACCORDING 
TU THE STANDARD HARDGROVE TEST 

Hardgrove Surface  A r e a  
G r i n d a b i l i t y  ground coa l  1 Index 1 m.2/100 g. 

1 Coal 

I I I I I I 



Microscope 
diaroeter, 
microns 

0 

0.7 

0.9 

1.3 

1.8 

2.6. 

3.5 

4.4 
5.8 

7.3 

8.8 
20.2 

13.1 
21.0 
26.2 

35.0 
43.6 
52.5 
61.0 
70.0 
78.6 

-m- 

TABLE 2 

SIZE DISTRIBUTION BELOW 325 MESH OF COAL B-19447 GROUND 
ACCORDING TO STANDARD HARDGROVE TEST 

Equ iva len t  
s i e v e  s i z e ,  

microns 

0 

0.4 

0.5 

0.8 

1.0 

1.6 
2.1 

2.6 

3.5 

4.3 
5.2 

6.1 
7.8 

12.5 
15.6 
20.8 
26.0 

31.0 
36.4 
41.6 
47.0 

Cumulative % 
by  weigtd of  
-325 f r a c t i o n  

tested 

0 

0.0046 

0.014 

0.049 

0.15 

0.56 

1.24 

2.18 

. 3.67 
6.00 

8.51 

9.90 

14.7 
29.2 
36.1 

44.9 
56.0 
70.6 
83.8 
93.7 

100.0 

C d a t i v e  j Plus 0.66% 
weight expressed w e i g h t  l o s s  o f  
as a % of t o t a l  

coal ground 

0 

0.00035 

0.00104 

0.00356 

0.0108 

0.0408 
0.090 

0.16 

0.27 

0.44 
0.62 

0.72 

1.07 

2.12 
2.62 
3.26 

4.07 
5.14 
6.10 
6.82 

7.28 

f i n e  m a t e r i a l  
on gr inding  

(0.701) 

(0.750) 

(0.819) 

0.927 

1.10 

1.28 

1.38 

1.73 

2.78 
3.28 

3.92 
4.73 

5.80 
6.76 
7.48 

7.94 
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VALUES OF "n" AND "0" IN P = 88" CORREIED PERCENTAGE WEIGHT UNDERSIZE VERSUS 
SIEVE SIZE DlSlRl0UilONS FOR COAL 8.19447 

K ) P  COAL 8.19447 GROUND FOP VARYING REVOLUTIONS 

Rgura 2 
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NCPEASE OF HYDRODYNAMIC SURFACE AREA OF GROUND COAL 

EXTENDED PERCENl WEIGH1 UNDERSIZE VERSUS SIEVE SIZE 

DlSlRlBUTlON FOR COAL 8.I9ld7 GROUND FOR M) REVOLUIIONS 

W l l H  REVOlUTlONS OF GRINDING foil COAL 8-IPd17. 

ASSUMING I, 0.1 AND 001 MICRONS A S  WE SMALLEST SIZE P R E S E N l  
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INTRODUCTION 

The e f f e c t  of r ad ia t ion  on m a t e r i a l s  i s  a s u b j e c t  which cu r ren t ly  i s  
rzce iv ing  much a t t e n t i o n .  Such s t u d i e s  a r e  important because of  t h e  changes 
induced i n  most m a t e r i a l s  when they a r e  exposed t o  r a d i a t i o n .  
occur by many mechanisns, such as d i s p l a c m e n t  of a t o m  caused by energy absorp- 
t i o n  from inc iden t  p a r t i c l e s ,  i on iza t ion  followed by bond breaking, and forma- 
t i o n  of f r e e  r a d i c a l s .  S tud ie s  o f  t h e  r a d i a t i o n  e f f e c t s  i n  s o l i d s  ind ica t e  
tha t  t h e  use  oE r a d i a t i o n  can  be a powerful t o o l  f o r  i nc reas ing  the  understanding 
of t he  na tu re  of s o l i d s .  

Changes may 

Orsanic- type  ma te r i a l s ,  owing t o  a predominance of convalent bonds 
o r  weak van d e r  Waais Eorces, a r e  more seve re ly  changed o r  degraded than ot!ier 
s o l i d s .  Changes t h a t  may t ake  p lace  i n  ma te r i a l s  a r e  hydrogenation, dehydro- 
gena t ion ,  polymerization, cracking, decomposition, and c ross - l ink ing ,  w i th  t h e  
degree of change depending upon the  type  of r ad ia t ion ,  i n c i d e n t  r a t e  of  r a d i a -  
t i on ,  ex ten t  of r a d i a t i o n  time, chemical composition of ma te r i a l ,  i n i t i a l  s t a t e  
of n a t e r i a l ,  and environment. 

S ince  i t  i s  known t h a t  gamma r a d i a t i o n  can e i t h e r  upgrade or degrade 
c rgan ic  ma te r i a l s ,  a s tudy  of t h e  poss ib l e  e f f e c t s  of  g a m a  r a d i a t i o n  on 
changing t h e  f l u i d i t y  of bituminous coa l  i s  a l o g i c a l  s t e p .  F o r  example, a 
decrease  i n  f l u i d i t y  f o r  c o a l s  high i n  f l u i d i t y  wouid be advantageous, probably 
r e s u l t i n g  in  an inc rease  i n  coke y i e l d  and coke s t r e n g t h .  On t h e  o the r  hand, 
an inc rease  i n  f l u i d i t y  f o r  coa l s  low i n  E lu id i ty  could  r e s u l t  i n  t h e i r  becoming 
s a t i s f a c t s r y  sources  of  coke. 

EXPERIMENTAL 

Coal Samples Used - Eight Pennsylvania bituminous coa l s  were s e l e c t e d  f o r  
study. Proximate and u l t ima te  ana lyses  of t h e  c o a l s  a r e  presented  i n  Tables 
I and 11. 

Coal P repa ra t ion  - The coa l s  were ground t o  -40 mesh and s t o r e d  under a n i -  
t rogen  atmosphere u n t i l  r equ i r ed  f o r  r a d i a t i o n  s t u d i e s .  Approximately 50 
grams of each coa l  were p laced  i n  qua r t z  o r  Pyrex con ta ine r s  ( 4  i n .  long x 
1-1/4  i n .  i n s i d e  diameter) and sea l ed  under each  of t h e  fo l iowing  condi t ions :  

1. Vacuum - t h e  samples were evacuated u n t i l  t he  p re s su re  was less than 
lob Hg and then  sea l ed .  The amount of oxygen a v a i l a b l e  t o  t h e  coa l  was ca. 
2 x 10-6 c c . / g .  
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2. A i r  - t he  samples were sea led  immediately; t hese  con ta ine r s  he ld  air  
i n i t i a l l y  a t  atmospheric pressure .  The amount of oxygen a v a i l a b l e  t o  the coa l  
was ca.  0 . 2  cc . /g .  

1 0 ~  Hg. Oxygen was dosed i n t o  the  con:ainer u n t i l  t he  f i n a l  oxygen p res su re  
was approximately 700 mu. Hg, wi th  t h e  amount of oxygen adsarbea by t h e  coa l  
rrleasured. The conta iners  were then sea l ed .  The amount of oxygen a v a i l a b l e  t o  
the  coa l  was ca.  1.1 cc . /g .  

Radia t ion  S tudies  - For r a d i a t i o n  s t u d i e s ,  t he  sea led  samples were placed i n  a 
40 m i l  t h i ck  cadmium con ta ine r .  Cadmium was used t o  decrease  the  slow neutron 
f l u x  t o  a r e l a t i v e l y  low l eve l ,  s i n c e  it was des i r ed  t o  i r r a d i a t e  the  coa l s  
p r imar i ly  wi th  gamna r a d i a t i o n .  The cadmium conta iner  wi th  5 coal samples w a s  
lowered 4c.n a 3 i n .  diamecer aluminum tube and pos i t ioned  i n  the  Univers i ty  
nucler . . ? ac to r .  We reac to r ,  which can be c l a s s i f i e d  a s  a l i g h t  water cooled, 
l i g t r .  iiacer moderated heterogeneous type, had i t s  f u e l  elements l oca t ed  approx- 
iw. ie ly  20 f e e t  under wa te r .  
( r equ i r ing  about 1 7  hours) w a s  then c a r r i e d  out a t  ambient temperatures*. 
Approximately 90 per  cent of t h e  energy absorbed by t h e  coa l  came from gamma 
rays  and LO per  cent  came from f a s t  neil trons.  

Gas Analys is  - Analysis of  t h e  gas i n  t h e  conta iner  following i r r a d i a t i o n  of 
t h e  c o a l s  was made us ing  gas chromatography. 
t he  conta iner  t o  t he  gas a n a l y s i s  system of t h e  chromatographic u n i t ,  the  gas 
was d r i e d  and i t s  voluuie measured. The gas a n a l y s i s  was performed us ing  e i t h e r  
a 1 5 - f t .  #SA molecular s i e v e  column wi th  argon as a c a r r i e r  gas  or a 6 - f t .  
s i l i c a  g e l  column using helium as a c a r r i e r  gas.  

P l a s t i c i t y  Measurenents - The convent iona l  G iese l e r  apparatus,  modified wi th  
a u x i l i a r y  equipment f o r  b e t t e r  temperature con t ro l  and more accu ra t e  measure- 
ment of  h igh  f l u i d i t y  values,  was used t o  determine p l a s t i c  p r o p e r t i e s  of t h e  
coa l s .  The tests e s s e n t i a l l y  were made using t h e  A.S.T.M. Proposed Method of 
Tes t  ( 1 ) .  However, con t r a ry  t o  recommended procedures,  t h e  brake was not 
app l i ed  when the  d i a l  d i v i s i o n s  exceeded 5 d i v i s i o n s  per  minute.  Ins tead ,  t h e  
stirrer was allowed t o  move cont inuous ly  u n t i l  i t  t r a v e l l e d  a t  least 600 d i a l  
d i v i s i o n s .  For those  c o a l s  where the  s t i r r e r  moved more than  600 d i a l  d i v i -  
s ions ,  t h e  brake was then used according to  the  Prouosed Method of Tes t  ( 1 ) .  
This  procedure was adopted i n  an  attempt t o  break up t h e  f r o t h y  coa l  mass which 
formed (and which would go up i n t o  the  b a r r e l  of t h e  Giese l e r  appara tus  and 
cause s t i c k i n g )  when t e s t i n g  a h ighly  f l u i d  and h ighly  swel l ing  coa l .  

3.  Oxygen - t he  samples were evacuated u n t i l  t he  p re s su re  was less than  

I r r a d i a t i o n  to  a t o t a l  dosage of 3 . 8  x LO8 r ads  

Af t e r  r e l e a s i n g  t h e  gas from 

RESULTS AND DISCUSSION 

Analyses of Gases Evolved From t h e  Coals During I r r a d i a t i o n  - Table 111 p r e -  
s e n t s  da t a  on the t o t a l  amount and a n a l y s i s  of t he  gas evolved from t h e  coa l s  
fo l lowing  i r r a d i a t i o n  i n  vacuum and oxygen; va lues  f o r  t he  ind iv idua l  gases  
a r e  accu ra t e  t o  t5%, With the  present  chromatography appara tus ,  i t  was not  
poss ib l e  t o  determine water vapor ;  t h e  gas  ana lyses ,  t he re fo re ,  a r e  r epor t ed  
on a dry  bas i s .  O t h e r  gases,  such a s  ammonia and the  oxides of  n i t r o g e n  

* During the  i r r a d i a t i o n s ,  i t  is es t imated  t h a t  t h e  temperature i n  t h e  coa l  
con ta ine r s  d i d  not  exceed 40°C. 
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which may be formed dur ing  the  i r r a d i s t i o n ,  were not  analyzed for  i n  the  pre-  
sen t  work. Gas ana lyses  have not been repor ted  f o r  t he  coa l s  i r r a d i a t e d  i n  an 
a i r  atmosphere because the  n i t rogen  formed following i r r a d i a t i o n  vas  a compos- 
i t e  of t h a t  re leased  from the  coa l  and t h a t  added i n i t i a l l y  i n  the a i r .  That 
i s ,  i t  was not poss ib l e  t o  put t he  r e s u l t s  on a b a s i s  of gas r e l eased  from the  
coa l  s i n c e  the re  was some unce r t a in ty  as t o  the  volume of t he  s m p l e  conta iner  
upon sea l ing ,  and hence, unce r t a in ty  a s  t o  t h e  amount of n i t rogen  added i n i -  
t i a l l y .  On the o the r  hand, on the  bas i s  of vacuum-irradiation r e s u l t s ,  no 
f r e e  oxygen was r e l eased  from the  c o a l s .  Hence, i n  t h e  oxygen-irradiation 
runs ( t h e r e  was oxygen found i n  the  gas following i r r a d i a t i o n  fo r  t h ree  of  t h e  
coa l s ) ,  
the  ana lyses  on an oxygen-free b a s i s .  

t he  amount of gas r e l eased  from t h e  coa l  could  be ca l cu la t ed  by p lac ing  

I t  i s  seen from Table 111 t h a t  t he  amount of gas  r e l eased  from the  
coa ls  on i r r a d i a t i o n  a t  ambient temperatures was q u i t e  small  i n  comparison t o  
the  tci.?.l v o l a t i l e  mat te r  conten t  of t h e  c o a l s .  More gas was re leased  con- 
s i s t e n t l y  from t h e  coa l  upon oxygen i r r a d i a t i o n  than  upon vacuum i r r a d i a t i o n ,  
h-iizh t h e  r a t i o  of t he  gas - r e l ease  volumes ranging from 1.8 t o  5.0.  

The presence of an oxygen atmosphere dur ing  i r r a d i a t i o n  i s  seen to  
have a marked (bu t  no t  cons i s t en t )  e f f e c t  on t h e  a n a l y s i s  of the  r e l eased  gas .  
A s  exTected, t he  amount of carbon d ioxide  and carbon monoxide produced w a s  
g r e a t l y  increased  upon oxygen i r r a d i a t i o n .  The fo l lowing  r eac t ions  can be 
respons ib le  f o r  t h e  inc rease  i n  t h e  amount of t hese  two gases:  

0 , w  o + o  
C f  + 0 + C(0) 

C(0) - co 
CO + G + M  -t COB + M  

0 2 + O + M  4 O 3 + M  

C f  + 03 + CO + 02 

I t  i s  noted t h a t  a s i g n i f i c a n t  amount of carbon d ioxide  was also r e l eased  
from t h e  coa l  during vacuum i r r a d i a t i o n .  It is suggested t h a t  t h i s  Carbon 
d ioxide  was a r e s u l t  o f  decarboxyla t ion  of pe r iphe ra l  carboxyl groups on t h e  
coal ( 2 , 3 ) ,  r e l e a s e  of occluded carbon d ioxide  from t h e  f i n e  pore sys ten ,  
and/or ox ida t ion  of methane ( f o r  oxygen i r r a d i a t i o n ) .  The second p o s s i b i l i t y  
w i l l  be considered i n  more d e t a i l  s h o r t l y .  

The e f f e c t  of r a d i a t i o n  and atmosphere on t h e  r e l e a s e  of hydrogen 
from t h e  coa l s  i s  complex. For coa l s  167 and 169, r e l e a s e  of  hydrogen upon 
vacuum i r r a d i a t i o n  was n e g l i g i b l e .  On the  o the r  hand, oxygen i r r a d i a t i o n  
of t hese  t w o  coa ls  r e s u l t e d  in a s u b s t a n t i a l  r e l e a s e  of hydrogen. For t h e  
remainder of t he  coa l s ,  except 166, t he re  was s t i l l  a somewhat g r e a t e r  amount 
of hydrogen r e l eased  upon i r r a d i a t i o n  i n  oxygen than  i n  vacuum. For the  l o w  
v o l a t i l e  coa l ,  166, t h e  amount of hydrogen r e l eased  upon e i t h e r  i r r a d i a t i o n  
i n  vacuum or oxygen was e s s e n t i a l l y  i d e n t i c a l .  

The e f f e c t  of r a d i a t i o n  and atmosphere on’ the  r e l e a s e  of n i t rogen  
from t h e  coa l s  i s  a l so  complex. For coa l  169, t h e  amount of n i t rogen  re- 
l eased  upon oxygen i r r a d i a t i o n  was apprec iab ly  l e s s  than t h a t  r e l eased  upon 
vacuum i r r a d i a t i o n .  On t he  o the r  hand, f o r  t he  o t h e r  seven coa ls ,  oxygen 
i r r a d i a t i o n  r e s u l t e d  i n  the  r e l e a s e  of cons iderably  more n i t rogen  than  d i d  
vacuum i r r a d i a t i o n .  
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From Table 111, i t  i s  seen t h a t  t he  q u a n t i t i e s  of methane and ethane 
produced upon i r r a d i a t i o n  a r e v e r y  smal l .  Again the  r e s u l t s  a r e  complex. For 
methane, oxygen i r r a d i a t i o n  r e s u l t e d  i n  increased  y i e l d s  f o r  coa ls  1 6 7 ,  169, 
A, and B and decreased y i e l d s  f o r  t h e  o ther  four  coa l s .  For ethane, oxygen 
i r r a d i a t i o n  r e s u l t e d  i n  an increased  y i e l d  f o r  coa l  B and a decreased y i e l d  
f o r  coa l s  166, 168, 169, C,  and D. 

Only i n  the case  of coa l s  166, 167, and 168 was the re  any r e s idua l  
oxygen present  a f t e r  oxygen i r r a d i a t i o n .  For these  th ree  coa l s ,  37, 11, and 
22%, r e spec t ive ly ,  of t he  oxygen i n i t i a l l y  present  (approximately 1 . 2  c c . / g .  
of coa l  a t  S . T . P . )  was recovered a s  oxygen following i r r a d i a t i o n .  This sug- 
g e s t s  t h a t  these  coa ls  were e s p e c i a l l y  r e s i s t a n t  t o  oxygen a t t a c k  ( a l s o  sug- 
ges ted  f ron  p l a s t i c i t y  da t a  t o  be presented  l a t e r ) ,  
decrease  i n  oxygen pressure  dur ing  i r r a d i a t i o n ,  t he  oxygen appearing a s  carbon 
d ioxide  -r.d carbon monoxide i n  the  product gas was smal l .  

Considering t h e  l a rge  

A t  t h i s  s tage ,  t h e  e f f e c t  o f  t he  combination of r a d i a t i o n  and oxygen 
a t sosphere  on the  amount of t h e  d i f f e r e n t  gases r e l eased  from the  var ious  coa l s  
i s  not we l l  understood. However, t h e  n i t rogen  r e s u l t s  perhaps permit some 
understanding. Essen t i a l ly ,  t h e  n i t rogen  could come f r o m  t h r e e  sources - 
per iphe ra l  amino groups, c y c l i c  s t r u c t u r e s ,  and occluded n i t rogen  ( A ) .  Radia- 
t i on ,  perhaps, would detach pe r iphe ra l  amino groups from the  coa l  s t r u c t u r e  

I_ ( t h e  abundance of these  groups i n  c o a l  i s  smal l ) ,  these  groups then r eac t ing  
wi th  hydrogen atoms to  produce ammonia ( 2 ) .  However, i n  o the r  i r r a d i a t i o n  
s t u d i e s ,  a s  ye t  unpublished, t h e  au tho r s  have found pure ammonia t o  be q u i t e  
s t a b l e  t o  t h e  r a d i a t i o n  used i n  t h i s  r e sea rch .  For example, f o r  a dosage of  
108 rads,  only ca.  0.G per cen t  of ammonia (at p ressures  between 0.1 and 1 atm.) 
decomposed t o  hydrogen and n i t rogen .  Numerous workers ( 5 )  have shown t h a t  
n i t rogen  present  i n  cyc l i c  groups i n  coa l  i s  l a rge ly  r e s i s t a n t  t o  removal by 
ox ida t ion .  Therefore,  i t  would appear t h a t  the  l a r g e  inc rease  in ni t rogen-  
r e l e a s e  from seven of t h e  coa l s  upon oxygen i r r a d i a t i o n ,  i n  comparison to  
vacuum i r r a d i a t i o n ,  cannot be expla ined  on t h e  bas i s  of n i t rogen- re l ease  from 
c y c l i c  s t r u c t u r e s .  

I t  seems more reasonable  t o  a t t r i b u t e  the  major i ty  of t he  n i t rogen  
coming from t h e  coa ls  t o  occluded n i t rogen .  That i s ,  coa l  is known to  be 
permeated wi th  molecular s i zed  pores ( 6 )  which can t r a p  gases .  Vacuum i r -  
r a d i a t i o n  could r e s u l t  i n  t h e  r e l e a s e  of n i t rogen  from these  pores by two 
mechanisms. F i r s t ,  r a d i a t i o n  could produce a small s t eady- s t a t e  concen t r a t ion  
of n i t r o g e n  atoms, which because of t h e i r  smaller s i z e ,  could migra te  through 
the  molecular openings more  r a p i d l y .  Second, r a d i a t i o n  could inc rease  the  
magnitude of o s c i l l a t i o n s  of some of t h e  atoms i n  t h e  coa l  around the  molecular 
openings, because of t h e i r  c o l l i s o n  wi th  f a s t  neut rons .  This  i nc rease  i n  
magnitude of  o s c i l l a t i o n  would permit a more rap id  t r anspor t  of gas  through 
the  molecular openings(7).  Oxygen i r r a d i a t i o n  of coa l  could r e s u l t  in  the  
r e l e a s e  of more n i t rogen  than  t h a t  r e l e a s e d  during vacuum i r r a d i a t i o n ,  s ince  
s l i g h t  ox ida t ion  of coa l  is known t o  s i g n i f i c a n t l y  inc rease  the s ize  of t h e  
molecular openings (8 ) .  

It is of i n t e r e s t  t o  r e p o r t  some r e s u l t s  lending support  t o  t he  
sugges t ion  t h a t  r a d i a t i o n  d id  enhance the  removal of occluded gas from t h e  
pores of t he  coa l .  P r i o r  t o  t h e  f i l l i n g  of the  quar tz  con ta ine r s  wi th  oxygen 
f o r  i r r a d i a t i o n  s tud ie s ,  t h e  f r e e  space  of t h e  con ta ine r s  (wi th  coa l  present )  
was determined using helium a t  room temperature f o r  seven of t he  c o a l s ,  
Following t h e  de te rmina t ion  of f r e e  space and before f i l l i n g  the  con ta ine r s  
w i th  oxygen, t h e  coa ls  were outgassed a t  room temperature t o  a p re s su re  of 



'\ 

I 

I 

-153- 

l = b 3  Lhan iOu 3g f o r  5 t o  6 hours.  Despi te  t h i s  outgassing: helium w a s  found 
i n  .he product gas fo l lowing  i r r a d i a t i o n  fo r  t h r e e  of  t h e  coa l s  - t he  amount 
rangir.3 from a t r a c e  for coal 168 t o  0.05 c c . / g .  f o r  coa l  B. In the  c a s e  of 
i o a i  3: :he helium cons t i t u t ed  ca .  l 5  per cen t  of t h e  d ry ,  product gas. 

In :he i i g h t  of  the  conclus ions  fo r  t h e  source  of most of t he  n i t r o -  
sen,, i t  i s  a l s o  probable t h a t  some of t h e  carbon d iox ide  ( i n  t h e  vacuum irra- . .  
.I +Laciac) . and hydrogen r e i eased  Prom t h e  coa l s  vas  o r i g i n a l l y  present  a s  
occluded gas .  

.X?e:her i r r a d i a t i o n  in oxygen, r a t h e r  than i n  vacum, is expected 
'I3 decreasz Y r  i nc rease  t:?a amount of methane and ec5ane r-Leased i s  d i f f i c u l t  
:~: pracic::.  :ii-,L?e m?arg?ment of molecular s i z e d  openings dur ing  i r r a d i a t i o n  

: I I Z L ~ ; ~ - ~  . , x i i ? z i o n  c o  c a r t a n  t i o x i d e  and water  would decrease  che i r  concentra- 
. . ... .=I r e l e a s e e  g a s .  3cth e f f e c t s  appear t o  be o?e ra t ive  t o  varying 

- ... .. J .- -..*l:l* ,- ar.hance :ne r e i ease  of these  hydrocarbons.  t h e i r  r a d i a t i o n -  

- .  I.,. - . . clepen:lng upon che coal,  a s  judged from t h e  d a t a  in TabLe 111. 

. .  . . 

: . : : ; t i iLc~ moi Sea ted  Coals Followine I r r a d i a t i o n  - G i e s e l e r  p l a s t i c i t y  d a t a  
:a:? ckcermii?d o ~ .  rhe un i r r ac i a t ed  and i r r a d i a t e d  c o a l s .  A t  l e a s t  t h r e e  
? ia ; ; ic icy  runs were ?orformed on each sample of coa i ,  wi th  the ove r -a l l  pre- 

izc P i g u r e  I. Wnera nore  t h a n  one r e s u l t  is  p re sen ted  f o r  a coa l ,  d u p l i c a t e  
i r r a d i a t i o n s  have been performed. 

. .  - -=&oi l  ., - _  oeing ca .  =L5 per  cen t .  The p l a s t i c i t y  d a t a  a r e  presented  i n  Table IV 

The r e s u l t s  c l e a r l y  show t h a t  i r r a d i a t i o n  i n  vacuum o r  i n  a sub- 
. r i a l  p a r t i a l  p re s su re  of oxygen can  :lave a marked e f f e c t  on t he  subsequent 

L x m  f l u i d i c y  o f  hea ted  bituminous c o a l s .  I r r a d i a c i o n  i n  t h e  presence of 
- -ubs:an:ial p a r t i a l  p re s su re  of oxygen Zenera l iy  had more e f f e c t  on p l a s t i c -  
i i y  c5.m d i d  i r r a o i a t i o n  i n  vacuum. f o r  s i x  of che coa l s ,  vacuum i r r a d i a t i o n  
h i c  a r e l a t i v e l y  small  e f f e c t  on f l u i d i t y .  The except ions  were coa ls  A and B, 
:;here i r r a d i a t i o n  reduced maximum f l u i d i t i e s  by c a .  50 per  cen t .  

F o r  s i x  of t he  coa ls ,  a i r  i r r a d i a t i o n  r e s u l t e d  i n  a s i g n i f i c a n t  
I . .  (ana iil some cases  very la rge)  i nc rease  i n  maximum f l u i d i t y .  For two of t h e  
m a i s  ( a  Low v o l a t i l e  coa l  ana one of t h e  high v o l a t i l e  h coa l s  which showed 
2 s i g n i f i c a n r  decrease  i n  f l u i d i t y  a f t e r  vacuum i r r a d i a t i o n ) ,  a i r  i r r a d i a t i o n  
h id  a n e g l i g i b l e  e f f e c t  on f l u  

T'ne e f f e c t  of  oxygen i r r a d i a t i o n  on t h e  f l u i d i t y  of t he  coa l s  was 
mare v a r i e d .  For f i v e  of the s i x  high v o l a t i l e  A c o a l s ,  oxygen i r r a d i a t i o t  
su :>s tanc ia l ly  lowered the  f l u i d i t y  below t h a t  of :he corresponding uni r rad i ; ted  
c o a l s .  F o r  high v o l a t i l e  A coal  158 and the  medium v o l a t i l e  coal,  oxygen ir- 
:adia:ion increased  t h e  maximum f l u i d i t y  over t h a t  o f  t he  un i r r ad ia t ed  coa l s .  
Oxygen i r r a d i a t i o n  had a n e g l i g i b l e  e f f e c t  on t h e  f l u i d i t y  of t he  low v o l a t i l e  
i o a i .  

It is of  i n t e r e s t  t h a t  major changes i n  ELuidity upon i r r a d i a t i o n  
were noc accom?anied by l a rge  changes in the temperacures a t  whisn t h e  m a s i ~ ~ m  
f l u i d i c y  occurred .  A s  h t y p i c a l  example, cons ider  coa l  A .  The un i r r ad ia t ed  
coa l  :ad a maximum f l u i d i t y  of 397 d.d.p.m. a t  422'C. The m a x i m u m  f l u i d i t y  
of t he  sampie i r r a d i a t e d  in a i r  vas inc reased  narkedly  to 3556 d.d.p.m., bu t  
the  temperature of  maximum f l u i d i t y  remained a t  422 'C.  

The e f f e c t  of  pre-oxida t ion  of c o a l  a t  e l eva ted  temperatures and 
i n  the  absence of r a d i a t i o n  on t h e  subsequent coking q u a l i t i e s  of c o a l  has 
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been widely discussed. Many vorke r s  (9-14) r e p o r t  t h a t  t he  f l u i d i t y  of coa l ,  
a s  measured by the  Giese l e r  p las tometer ,  decreases  following pre-oxida t ion .  
To t h e  au tho r s '  knoviedge, no publ i shed  r e s u l t s  a r e  a v a i l a b l e  which r e p o r t  
t h a t  p re-oxida t ion  i n  t h e  absence of r a d i a t i o n  inc reases  t h e  f l u i d i t y  of coa l .  
However, on the  b a s i s  of t h e  p re sen t  r e s u l t s ,  mild ox ida t ion  ( t h a t  is, wi th  
a l imi t ed  amount of oxygen a v a i l a b l e  t o  r e a c t  w i th  coa l )  promoted by r a d i a t i o n  
can inc rease  markedly t h e  maximum f l u i d i t y  of some cca l s .  Whether t he  same 
e f f e c t s  can be achieved (and a s  p r e c i s e l y )  by mild ox ida t ion  i n  t h e  absence of 
r a d i a t i o n  w i l l  be i n v e s t i g a t e d  on t h e  same coa l s  a s  used i n  t h i s  work. 

Work is a l s o  being cont inued  i n  t h i s  a r e a  d i r e c t e d  toward s tudying  
t h e  e f f e c t  of p r i o r  i r r a d i a t i o n  of coa l  on t h e  na tu re  of t h e  coke and by- 

products produced upon ca rbon iza t ion .  In add i t ion ,  i t  i s  des i r ed  t o  under- 
s tand  t h e  r e l a t i o n s h i p s  between t h e  chemical and phys ica l  p r o p e r t i e s  of coa l s  
and t h e  e f f e c t  of r a d i a t i o n  and atmosphere on t h e i r  subsequent ca rbon iza t ion  
betw.!.)r. As expected, it is no t  p o s s i b l e  on t he  bas i s  of s imple  proximate 
o r  -:rimate ana lyses  t o  p r e d i c t  t h e s e  e f f e c t s .  

CONCLUSIONS 

The e f f e c t  of r a d i a t i o n  on evolved gas  composition and p l a s t i c  
p r o p e r t i e s  of coa l  is found t o  vary  wi th  t h e  coa l  being inves t iga t ed  and 
i r r a d i a t i o n  atmosphere. Lower rank  coa l s  appear t o  be more a f f e c t e d  by the  
combination of r a d i a t i o n  and oxygen atmosphere than  do h igher  rank coa l s .  

By proper s e l e c t i o n  of atmosphere, t oge the r  wi th  r a d i a t i o n ,  t h e  
f l u i d i t y  of coa l s  can be a l t e r e d  t o  marked ex ten t s .  
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TAm I 

PROXMATE ANALYSES (AIR-DRY BASIS) OF COALS USED 

- Coal Z H o i s t u r e  

166 0.9 

167 1.0 

166 0.6 

169 1.9 

h 2.3 

B 1.8 

c 1.8 
D 1.3 

Z V.M. - 
16.2 

26.9 

28.9 

38.4 

38.1 

36 .7  

36.8 

38.2 

3, c. 

73.6 

6 2 .  L 
61.2 

51.9 

53.1 

55.6  

55.2 

5 3 . 4  

- Z Ash - 
9.3 

10.0 

9.3 

1.8 

6.5 

5.9 

6 . 2  

5 . 1  

+ 

A.S .T .X .  b a n k  

Low Voiaci le  

Hed im V o l a t i l e  

3 i g p  V o l a t i i e  A 

High V o l a t i l e  A 

High V o l a t i l e  A 

High Vo1a:ile A 

niph V o l a t i l e  h 

High Volaz i le  A 

.. . 

I 

ULTIMATE ANALYSES OF COALS USZD" 

- C O a l ~ ~ ~ ~ ~ ~  

166 1.06 1.33 3.80 80.59 5.20 8.02 

167 0.92 2.30 4.73 77.86 4.81 9.38 

168 0 .90  1.73 4 . 8 3  78.72 I.50 9 . 3 2  

169 1.45 1 .64  5.07 75.98 7.69 8.17 

* 
U l t i m a t e  a n a l y s e s  of Coals A,  E, C: and D are not 
a v a i l a b l e ,  as y e t .  

i 
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Coal - 
I L6-Vact:cn 
?oo-C:.. ;.., i: 

1 6 i  i 

- , *  

i 6 i - 0  

168-V 
168-0 

169-V 
169-0 

A - V  
A - 0  

B-V 
B-0 

c-v 
c -0 

D - V  
D - 0  

ANALYSES OF GAS EVOLVED FROM COAL (nm BASIS) UFQN IIOUTION 
TO 3.8 x lo8 RADS I N  VACUUM AND OXYGEN 

Volume of Gas 
Released Gas Composition - Per Cent 

c c . 1 ~ .  of coa l ,  S . T . P .  H, N2 CO, CO CH4 C$%j 

0.048 
' 0.192 

0.034 
0.168 

0.036 
e 0.132 

0.050 
0.148 

0.144 
0.264 

0.112 
0.236 

0.064 
0.164 

0.114 
0.314 

36.2 7.2 54.8 T 
8.9 53.2 31.3 6 . 3  

0 . 2  68.9 30.2 T 
26.9 43.5 24.9 4 . 3  

50.4 25.7 19.0 T 
26.1 47.0 20.9 5 .5  

0.1 47.0 45.4 1 . 4  
66.0 3.9 22.3 6 . 4  

71.4 9.1 16 .4  1.8 
56.5 13.2 24.2 5.0 

71.4 10.7 14.5 1 . 3  
53.8 17.2 21.7 5.7 

67.3 11.8 9.0 0.6 
39.3 29.9 22.5 7.6 

76.8 1 . 9  1 1 . 5  1.0 
48.1 29.6 16.3 4.8 

1.5 
0.3 

0 . 7  
0 . 5  

3.6 
0.6 

1.0 
1.4 

1.4 
1.1 

1.6 
1.2 

3 0 . 5  
0 . 7  

5.6 
0 .9  

0 .3  
T 

0.0 
T 

1.4 
T 

5 .1  
0.2 

T 
T 

0.5 
0.5 

0.8 
0.0 

3.2 
0.3 
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TABLE Iv 1 

EITECT OF A RADIATION DOSAGE OF 3.8 X lo8 RADS AND OXYGEN AT AMBIENT 
TEMPERATURES ON THE SUBSEQUENT MAXlMUM FLUIDITY OF BITUMINOUS COALS 

AS DETERMINED BY THE GESELER APFARATUS 

C o a l  

166 
166 -Vacuum 
1 5 6 - A i r  

- 

166-0xygi.i; 

167 
167-i' 
1 6 7 4  
167-A 
167-0 

168 
168-V 
168-V 
168-A 
i 6 a - ~  
168-0 

169 
169-V 
169-V 
169-A 
169-8 
169-0 

A 
A-V 
A-V 
A-A 
A-O 

B 
B-V 
B-A 
B-0 

C 
c-v 
C -A 
c -0 

1 I n i t i a l  S o f t e n i n g  
Temp. "C. 

433 
423 
425 
43 5 

365 
353 
350 
364 
367 

347 
338 
554 
339 
345 
3 56 

342 
357 
337 
337 
344 
370 

348 
347 
350 
344 
373 

347 
351 
349 
372 

345 
3 4 7  
342 
356 

4 
Maximum Fluidity S o l i d i f i c a t i o n  Temp. 

2 3  OC. n.D.P.H. 0 ~ .  
1.4 
1.2 
1.3 
0.6 

451 
610  
822 
935 

1117 

2757 
2530 
1911 
3936 

3651 

1139 
1016 

900 
3193 
3029 

222 

39 7 
177 
190 

3566 
124 

1583 
853 

1484 
701 

3860 

5098 
5207 
6878 
2788 

472 
454 
450 
464 

425 
43 2 
426 
429 
440 

43 2 
427 
428 

4 28 
439 

424 
431 
426 
429 
427 
436 

422 
424 
428 
422 
430 

430 
429 
434 
434 

w4 
426 
423 

> 

428 

438 

494 
4a8 
472 
49 9 

457 
472 
450 
463 
490 

479 
452 
481 
458 
472 
489 

458 
468 
46 0 
462 
465 
46 7 

457 
458 
458 
454 
450 

462 
461 
464 
459 

470 
468 
465 
475 
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3 - V  
D -A 
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'LULE IY. (Contd) 

4 In i t ia l  Softening' Maximum Fluidit)! Sol idif icat ion Temp. 
OC. 

345 1778 421 460 
340 1850 422 451 
344 3461 4 23 456 

D . D . P .  M .  2. O C  . Temp. 'C. 

. 356 1083 430 467 . 

-_  - -.-:<re of f i r s t  detectable continuous movement of pointer 
?. J i a l  divisions p e r  minute on the Gieseler scale  

Temperature of maximum f lu id i ty  corresponding to maximum rate 
of pointer movement 

Temperafure a t  vhich pointer shows no further movement 
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Not For P u b l i c a t i o n '  

Presented  before  t h e  D i v i s i o n  of G a s  and F u e l  Chemistry 
ATerican Chemical Soc ie ty  

A t l a n t i c  C i ty ,  N e w  J e r sey ,  bleeting, Sept .  13-18, 1959 

W f e c t  of Gamma Rad ia t ion  Upon t h e  Hydrocracking of  a 

'dork done a t  Columbia Un ive r s i ty ,  New York C i t y  27, N.Y. 

P re sen t  Address of Authors: 

Heavy P a r a f f i n  

Ernes t  J. Benley, Stevens I n s t i t u t e ,  Iioboken, !few Jersey 
Ronald V. R e p e t t i ,  Idright P a t t e r s o n  A i r  Force  aase, 

Dayton, Ohio 

In t roduc t ion  

Although a g r e a t  deaxjof work d e a l i n g  wi th  t h e  e f f e c t  of i o n i z i n g  
r a d i a t i o n  on hydrocarbons k t  low tempera tures  has been r epor t ed ,  very 
l i t t l e  ;?as j e e n  published r ega rd ine  t h e  behavior of t h e s e  systems at 
e leva ted  tempera tures  and p res su res .  It has been we l l  e s t a b l i s h e d  t h a t  
a t  r o o x  temperature pure h y d r o c a r b o x  u l t i m a t e l y  c r o s s  lirk and form 
i n so lub le  gels (1,2). iiecent work has shown t h a t  a t  e l eva ted  temperatures 
the r e v e r s e  process  seems t o  o c c w ;  i.e. deg rada t ion  o f  t h e  hydrocarbon 
rnoiecules ( 3 ) .  If t h e  l a t t e r  f i n d i n g s  a r e  c o r r e c t ,  r a d i a t i o n  may 
then be r e g m d e d  as a p o t e n t i a l  t o o l  f o r  t hose  i n d u s t r i e s  that 
cus tomar i ly  employ h igh  temperatures,  h igh  p res su res ,  aiid ca ta lyg tg ,  
t o  i n i t i a t e  r e a c t i o n s .  A n  obvious a 2 p l i c a t i o n  would be i n  t h e  
G a s i f i c a t i o n  processes  where coa l ,  waxes, ana petroleum s t o c k s  a r e  
hydrocracked t o  n a t w a l  gas s u b s t i t u t e s .  It w a s  wi th  t h i s  g o t e z t i a l  
cse  i n  mind t h a t  t h e  p re sen t  i n v e s t i g a t i o n  was undertaken. 

.4pparatus - 
All runs were conducted i n  a s t a t i c  system. The r e a c t a r ,  w a s  

a type  303 s t a i n l e s s  s t e e l  p re s su re  v e s s e l  r a t e d  at  15,000 p s i a  when 
co la  ana about 6,000 p s i a  when a t  working tempera tures .  A l i p l e s s  
?;'??ex t e s t  t ube  served as a v e s s e l  l i n e r  and as a con ta ine r  f o r  t h e  

The capac i ty  of t h e  r e a c t o r  w i t h  l i n e r  was 40 m l . ,  and 
t he  en t i - e  system ( r e a c t o r ,  l i n e r ,  p ip ing ,  e tc . )  had a capac i ty  of 
108 nl. 
cons tan tan  thermocouple whose j u n c t i o n  was l o c a t e d  about one t h i r d  
of t h e  d i s t a n c e  up t h e  i n s i d e  of t h e  r e a c t o r .  

' wax saTples.  

Temperature i n  t h e  au toc lave  w a s  measured w i t h  a copper- 

A gage was used whose 
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nominal pressure  r e a d i n q  ex tsnded  t o  5,OCO ?si. 
it was c a l i b r a t e d  u i t h  a dead-:.icig?t gage over cize range  of  2CC t o  
3,GCO p s i a ,  mci was s e t  t o  r e a d  t r u e  abso lu te  ? r s s s u r e  a t  1,500 ?s ia .  
The nar.&-.u;n devia5ion  over t h e  c a i i b r a t e d  Yange i<aS 20 ?sia. A 
blowout d i s c  r a t e d  a t  4,200 p s i a  was inco rpora t ed  in zke sys-,eix as a 
safe'-. d 2  precas t ion .  A 750 watt hollow c y l i n d r i c a l  hea t e r  was en?loyed 
t h a t  a f forded  a l/I+ i n .  a i r  b a t h  a l l  around the  r e a c t o r .  i;lmjirac;ilns 
w i t h i n  t h e  r e a c t o r  was r ia in ta ined  sii t i i in * of the  desire:', l eve l .  

ael'ore u s i z g  the  gage 

?he Coco r a d i o i s o t o p e  used has  a h a ~ f - l i f s  of 5.24 g e a r s  and 
emits gamna r a y s  of 1-17 md i.33 n.e.v. ?pi- d i s i n t e g r a t i o n .  ?he 
r a d i a t i o n  f a c i l i t y  i s  i n  t h e  f o r m  of a p i t ,  20 in. Y 20 i n .  squa-e 
and &C i n .  deep 3 d O W  ground l e v e l ,  i n t o  which a bundle of f o u r  
L2 in .  x 2 i n .  x 1/8 i n .  Soeo b ~ ~ s  can be louered. In s i t u  
d o s i x e t r y  was accom2lished wi th  t h e  r ' r i cke  dos i i ie te r .  The dose r a t e  
w a s  46,OCO F,/hr. 

Two a n a l y t i c a l  systems were used, one f o r  gasecus and one 
f o r  s o l i d  products.  
some runs was r,ot analyzed. The gaseous prociucts were analyze6 x i t h  
a Perkin-Elmer Hodei 1% Vapor Frac toReter .  A conk ina t ion  si' 
packed colunr?s w a s  used t h a t  made p c s s i b l e  t h e  q u a n t i t a t i v e  aa1:rsis 
of r r i x t w e s  of  hydrogen, n i t r o g e n ,  argon, and hydrocarbons from 3 ,  
t o  C,. A Leeds and Xorti-zup Speedomav Recorder i ias  used i n  c o m b i n a ~ i o n  
w i t h  t i e  f rac tometer .  
ins t rument  en a n a l y t i c a l  r e p r o d u c i b i l i t y  or' h.25$ and ar. a c c w a c y  
of 1-2$, both r igures  be ing  abso lu te  percenSages. The a c t u a l  
exper imenta l  r e p r o d u c i b i l i t y  w a s  found t o  be 2 0.59. 

For t hose  runs where a s o l i d  w t ~ v  r e s i d u e  remained, t h e  wax uas 
examined f o r  evidence or' p h y s i c a l  change by t a k i n g  t h e  mel t ing  po in t  
o f .  t h e  sm.ple. The equipment uised xas a scaled-down ve r s ion  of t h e  
ASTU D8742 appara tus  for t h e  d e t e r x i n a t i o n  of  p a r a f f i n  wax me l t ing  
p o i n t s  (4). A n  ASTW I.@ p a r a f f i n  mel t ing  p o i n t  thermometer having a 
range  of 1GO-180°F and a maxirrw s c a l e  erro-n of 0.2'F was used i n  t h e  
appara tus .  i n  orde? t o  check t h e  r e s u l t s  ob ta ined  by t h e  me l t ing  
i;cir,t method, s e v e r a l  way, samples were examined f o r  evidence of  change 
by  ru-xying then, and cor responding  c o n t r o l  s axp le s ,  i n  a stand&-d 
3ecLma-nn b o i l i n g  po in t  e l e v a t i o n  apparatus.  Toiuene ;.;as chosen as 
t h e  so lven t  f o r  t h e s e  analyseso 

%e s m a l l  amount c f  l i q u i d  r e s i d u e  p r o c x e d  i n  

The T e r k i n a l m e r  company c l a i m  f o r  i t s  
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Procedure - Zxperimental 

A l a r g e  q u a n t i t y  of p a r a f f i n  w a x  was n e l t e d  i n  a 1000 ml. 
Zrlenrr.eSer f l a s k  and while x o l t e n ,  about t u e n t y  ml. was poured 
iri to eech of t h i r t y  c lean ,  l i p l e s s ,  py~e:r t e s t  t ubes  t h a t  had 
p rev iocs ly  b e m  nunbered and t a red .  The sw.ples were t h e n  
care i 'u l iy  degassed uyder vacuum. The w a x  was purchased from t he  
f i s h e r  Scie.i t l i ' ic  Coxpany ar,d nad a me l t ing  p o i n t  of  124'F: From 
a sub i i shed  co rTe la t ion  between n e l t i n g  p o i n t  ~d molecular weight 
( 5 ) ,  i t  :;a3 ? o s s i b l e  t o  e s t i n a t e  t h e  f io lecular  weight of t h i s  
s t r a i g h t  c-air. p a r a f f i n  t o  be about 345. 

-. 

3ei'ore charging, t h e  r e a c t o r  was c leaned  thoroughly w i t h  a 
wire brush  and then  i t  and a l l  o the r  p a r t s  of t h e  system were 
f l c s h e d  w i t h  acetcne.  The r e a c t o r  was t h e n  p r e s s u r e  t e s t e d ,  t h e  
s&??le w a s  i n s e r t e d ,  and then  t h e  system w a s  thorou&ly  sparged 
wi th  n i t rogen .  

T o  m&e a r u n  the  system w a s  i n s e r t e d  i n  i t s  h e a t i n g  j acke t  
art t he  aoyier was t w n e a  on. The d u r a t i o n  of t h e  i n i t i a l  hea t ing  
z e r i c d  var ied  between 30 and 50 n i n u t e s ,  t h e  l a t t e r  d u r a t i o n  
he ins  fiecessmy t o  r each  900'F. The au tor ra t ic  tempera ture  
c o z t r o l l e r  t hen  maintained the t e n p e r a t r e  l e v e l  t o  w i t h i n  f, 10aF 
ol t h e  d e s i r e d  s e t t i n g .  A t  t h e  conclus ion  of 2 pun t h e  f i n a l  
tezrper-ature and p res su re  were recorded. aai  t h e  r e a c t o r  was 
v i i t hc ram from the  hea te r  and allowed t o  cool. Aboct t h e e  hours 
were requi-ed f o r  t he  r e a c t o r  t o  c o o l  from 90C'F t o  ambient 
tex pera ture .  

Tke gas a n a i y s i s  w a s  complicated by the  f a c t  t h a t  due t o  a 
mall moun t  of l i q u i a  p re sen t  a f t e r  each run, t'nere e x i s t e d  a n  
equ i l ib r ium betvieen t h e  gaseous and t h e  l i q u i d  products ,  hence t h e  
composition of t h e  gas i s  a f u n c t i o n  of t he  number of samples 
taken. 
r e a c t o r  s anp l ing  p res su re .  This d i f f i c u l t y  was c i rcunvented  In 
m s t  or' t he  ana lyses  'a;; ob ta in ing ,  w i t h  a sy r inge ,  a 50 ml gas 
saxpie  a t  a r e a c t o r  p re s su re  o f  500 2 5 p s i a  .ma another  a t  
200 f 5 psiao 
be made i n  o rde r  t o  determine t h e  r e p r o d u c i b i l i t y  o f  t h e  a n a l y s i s ,  
and it would a l s o  be p o s s i b l e  t o  c0npA-e t h e  product  composition 
of d i f f e r e n t  runs ,  provided that they  were compared f o r  the  same 
sanp l ing  p res swt io  Toward t h e  end, of th is  i n v e s t i g a t i o n  a sniall 
gas c y l i n d e r  of 857 m l .  capaci ty  became a v a i l e b l e ,  and by u s i n g  
i t  as  a r e s e r v i o r  i n t o  which a i l  of t h e  r e a c t o r  gas vas bled ,  it 

F igure  1 shows t h e  v a r i a t i o n  of product  composition w i t h  

I n  t h i s  way s e v s r a l  ana lyses  of  a gas sample could  
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I 
w a s  p o s s i b l e  t o  i s o l a t e  v i r t u a l l y  a l l  of. t h e  product gas from the  
l i q u i d  r e s i d u e  i n  the  r e a c t o r ,  and thus  a r r i v e  a t  a composition 
for t h e  t o t a l  amount of gas produced. 

Discuss ion  of Resu l t s  

F igure  2 show a p L o t  of  r e a c t o r  temperature VS. pressure  as 
suggested by Shul tz  and Linden ( 6 ) .  The g a p h  c l e a r l y  shows that 
u n t i l  about 86OOF i s  reached ,  no th ing  happens other than  hea t ing  
of t h e  gas  i n  t h e  r e a c t o r .  At 86OOF cracking  begins,  and because 
of t h e  a d d i t i o n a l  gas formed, the  p re s su re  begins  t o  r i s e  r ap id ly .  
The maximum d u r a t i o n  of a c rack ing  r u n  w a s  only 5 hours which w a s  
no t  s u f f i c i e n t  t o  a t t a i n  e q u i l i b r i m .  F igure  2 shows a t y p i c a l  
p l o t  of p re s su re  vs. t ime f o r  a r u n  i n  p r o m e s s .  Because of t h e  
n e a r l y  cons tan t  r a t e  f o r  r u n  t imes  exceeding 3 hours, no attempt 
w a s  made t o  ob ta in  data f o r  very long  d u r a t i o n s .  I n s t e a d ,  runs  
of  2, 3, 5, a d  5 hour d u r a t i o n  were made, w i t h  t he  g r e a t e s t  number 
of d u p l i c a t e  r u n s  a t  2 hours. F igu re  3 shows t y p i c a l  product s p e c t r a  
f o r  t h e  c racking  runs. It i s  r e a d i l y  seen  t h a t  t h e  products  a r e  
alnost i d e n t i c a l  f o r  r a d i a t i o r ,  ana f o r  non-rad ia t ion  runs.  This  
t ends  t o  i n d i c a t e  t h a t  t h e  same type  r e a c t i o n  p r e v a i l s  f o r  bo th  
processes ,  and t h a t  if r a d i a t i o n  has  any in f luence ,  i t  serves  n e r e l y  
as an acce le ra to r .  

From t h e  experimental  d a t a  a value of S, des igne ted  as t h e  
moles of gas,formed pe r  gram of wax i n i t i a l l y  p re sen t ,  was coizguted. 
f o r  each run. In computing S it w a s  necessary  t o  know n, -,he nmoel- 
of moles forn;ed d w i n g  t h e  r e a c t i o n .  Accoraingly, a c o r r e c t i o n  
f a c t o r  z w a s  in t roduced  so that  a t  qoO°F', the express ion  i'Lr = z(r!.?T) 
would be va l id .  The f a c t o r  w a s  coxputea as t h e  r a t i o  of the  a c t c a l  
system p res su re  at 900aF, (determined by h e a t i n g  a gas x i t n  no wax 
i n  t h e  r e a c t o r )  t o  t h e  p s r f e c t  gas c r e s s u r e  a t  90G'F f o r  a comparabie 
quan t i ty  of  gas. The value o f  t h e  f a c t o r  w a s  t aken  t o  be 0.78. 
Figure  4 shows a p l o t  o f  S VS. run time wherein a l l  t he  c a l c u l a t e d  
S values  fo r  2 hour r a d i a t i o n  runs were averaged t o  g ive  a po in t ,  
ar-d the  same procedure w a s  fo l lowed t o  o b t a i n  the  o the r  p o i n t s  show.. 
The p o i n t s  show. r e p r e s e n t  t h e  averages  of over t h i r t y  runs.  The 
i n i t i a l  hycirogen p res su re  i n  each  r u n  w a s  about 1000 psi .  

: I  

I 
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I t  i s  of i n t e r e s t  t o  determine t h e  value of G ,  which is  the 
nLi5er of gas  rnoleclules formed 3er  lG0 ev. of  i n c i d e n t  
r_aaiat ion.  F i g m e  5, shows a p i o t  of G vs. r u n  d u r a t i o n .  The 
G values  a r e  i n  the  range of 60,000 t o  60,000, and a r e  seen 
to decrease  wi th  i n c r e a s i n g  r u n  d;iration. The e x p e r h e n t a l  G 
values  a r e  iojr winen compared with tiie r e s u l t s  ob ta ined  by 
Lucchesi,  e t  a l .  (13) who r e p o r t  a value of about  560,000 f o r  
t h e  same condi t ions .  Xowever, t h e  l a t t z r  value was determined 
for a s h o r t  r a d i a t i o n  exposure a C z i n i s t a r e d  d u r i n g  t h e  f i r s t  
rninute of cracking.  I t  h a s  been s'no%.ir- i n  t h e s e  experiments 
t ' ra t  the  c racking  r a t e  i s  very r a p i d  a t  f i r s t  and t h e r e f o r e  
th-e G value would n e c e s s a r i i y  be g-iiite hi& f o r  s h o r t e r  
d w a t i o n  runs.  -7igux-e 5 sho;.is t h a t  t h e  G value curve i s  
asp-.?totic v i t h  the  ordirzate axis a-.d i t  can be seen  t h a t  f o r  
a r u n  d u r a t i o n  of abost  one  minute,  t h e  va lue  of G would be 
apprec iab ly  n igher  t h a n  60,~300. 

Since t h e  p o i n t s  considered u n t i l  now have i n d i c a t e d  
t h a t  r a d i a t i o n  ser-led t o  a c c e i e r e t s  t h e  c racking  r e a c t i o n ,  i t  
i s  important  t o  deteri?ine if t h i s  c o x l u s i o n  c a n  a l s o  b e  
reached bjr a s t a t i s t i c a l  a n a l y s i s  of t h e  d a t a .  The value 
chosen f o r  cornparison between r u n s  .vas S; t h e  moles of gas 
formed ? e r  gram of t i a s  charged. Since t h e  number of p a i r e d  
s e t s  of r a d i a t i o n  a n d m n - r a d i a t i o n  r u n s  w a s  mal:, it was 
necessar;? to employ a non-paraTetr ic  test ( 7 ) .  A s u i t a b l e  one 
i s  t n e  'dilcoxon Sigzed fianii Tes t  ( 8 ) .  3y means of i t  one i s  
a b l e  t o  S?-O:.I t h a t  ac  t h e  3.025 l e v e l  of  s i g n i f i c a n c e  r a d i a t i o n  
has  served t o  i n c r e a s e  c racking  y i e l d s .  O r ,  p u t  i n  d i i ' f e ren t  
words,  t h e r e  i s  a p o s s i b l e  e r r o r  of 2 1/2 percent  when one 
concludes t h a t  r a d i a t i o n  i n c r e a s e s  c racking  y i e l d s .  
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